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ABSTRACT 
ASSESSING INNOVATIVE ZERO-VALENT IRON SEPARATION PROCESSES IN 
AN ARSENIC TREATMENT SCHEME 
By 
Nathan H. Little 
University of New Hampshire, December, 2011 
Arsenic contamination in drinking water is a worldwide public health concern 
associated with serious acute and chronic health effects. Listed as a "Group A" human 
carcinogen, arsenic is regulated in drinking water at 0.010 mg/L by the U.S. 
Environmental Protection Agency (EPA). Arsenic contamination stems from both natural 
and anthropogenic sources, and areas with high levels of arsenic can be found in 
countries throughout the world, including the United States (Smedley and Kinniburgh 
2002). In the past decade, interest in iron-based sorbents, particularly zero-valent iron 
(ZVI), has developed for their use as an arsenic-removal technique due to the lack of 
research and the possibility for an inexpensive, efficient, locally available, and simple 
adsorbent material. Previous studies, including several at UNH, have indicated that ZVI 
can be very effective in the removal of arsenic by adsorption (Hadnagy 2004, Le Roux 
2005, Pepler 2009). 
xiii 
The primary focus of this research was to investigate innovative separation 
processes for ZVI in an arsenic treatment system as well as evaluate the effect of water 
quality and operational conditions on iron dissolution and adsorption kinetics in an 
arsenic treatment system utilizing ZVI. The study also investigated the potential for a 
magnetite-based byproduct material to be used for arsenic adsorption. 
The ZVI separation processes included a bench-scale assessment of magnetic 
separation processes as well as a pilot-scale assessment of diatomaceous earth (DE) 
precoat filtration. The high-gradient magnetic separation (HGMS) system showed 
optimistic results in its bench-scale application as a ZVI separation system, and the DE 
precoat filtration strategy successfully removed ZVI from a pilot-scale arsenic treatment 
scheme. The arsenic treatment system utilizing DE precoat filtration for ZVI separation 
achieved 30 to 40% arsenic removals while maintaining dissolved iron concentrations 
below the EPA's secondary standard of 0.3 mg/L. Arsenic removals improved with 
increased contact time and ZVI dose, and iron dissolution issues from past studies were 
alleviated by increasing pH conditions from 6 to 7 within the system. 
Furthermore, arsenic adsorption kinetics were found to be effected by oxidant 
type and ZVI pretreatment time in a bench-scale study, where increased reaction kinetics 
were observed with the use of stronger oxidants and shorter ZVI pretreatment times. It 
must be noted that shorter pretreatment times did result in higher dissolved iron 
concentrations in the system. Anion competition by fluoride was also assessed. Fluoride 
was not found to be sorbed by ZVI, nor did it compete with arsenic adsorption by ZVI. 
Finally, the magnetite-based byproduct material was not found to be an effective sorbent 




Arsenic contamination in drinking water is a worldwide public health concern 
associated with serious acute and chronic health effects. Areas with high levels of arsenic 
in groundwater can be found in countries throughout the world, including the United 
States (Smedley and Kinniburgh 2002), where it stems from both natural and 
anthropogenic sources. Commonly occurring in natural groundwaters, arsenic 
contamination often originates from arsenic-containing rocks and soils, entering water 
systems by erosion and dissolution. Natural arsenic contamination can range in 
concentration from less than 0.5 ug/L to more than 5 mg/L, and is predominantly found 
in nature in its inorganic forms (EPA 2005). 
Health studies have found that long term exposure to low concentrations of 
arsenic increased the risk of developing various kinds of cancer, cardiovascular disease, 
immunology disorders, diabetes, and other diseases (EPA 2002). Primary human 
exposure to arsenic is through ingestion by drinking water (WHO 2003). Due to its health 
effects, the U.S. Environmental Protection Agency (EPA) lists arsenic as a "Group A" 
human carcinogen, indicating that it is a known carcinogenic to humans. The 
International Agency for Research on Cancer (IARC) and the National Toxicology 
Program's 12th Report on Carcinogens by the U.S. Department of Health and Human 
Services (HHS) also list arsenic and its inorganic compounds as "Group 1: Carcinogenic 
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to humans", and "Known to be human carcinogens", respectively (IARC 2011, HHS 
2011). 
Arsenic is regulated in drinking water at 0.010 mg/L in the United States under 
the National Primary Drinking Water Regulations. The EPA published a final rule 
establishing a revised maximum contaminant level (MCL) for arsenic in drinking water at 
0.010 mg/L, previously 0.050 mg/L, in January of 2001. The revision took effect on 
February 22, 2002, and required that all community and non-transient, non-community 
(NTNC) water systems be in compliance with the new standard by January 23, 2006 
(EPA 2010). This update created initiatives for additional research and the development 
of cost-effective technologies to help meet the new arsenic standard, especially in small 
community water systems. 
The new standard applied to all 54,000 community water systems as well as 
20,000 NTNC water systems throughout the United States. In actuality, about 4,000 of 
these public drinking water systems, which service a total of roughly 13 million people, 
were affected by the new rule, with 97% of these being small systems that provide 
service for less than 10,000 people each. The national total annual cost of treatment, 
monitoring, reporting, recordkeeping, and administration for the rule is estimated at $ 181 
million, with the majority being due to installation and operation of the treatment 
technologies. The increase in the cost of water for consumers will depend on the size of 
the system and the number of people served. For systems serving less than 10,000 people, 
the estimated increase in annual household cost for water is $38 to $327, as opposed to 
$0.86 to $32, for larger systems. The total annual benefits are estimated to be between 
2 
$140 and $198 million due to a decrease in arsenic-related deaths and illnesses (EPA 
2003). 
The final rule also identified Best Available Technologies (BATs) for achieving 
compliance with this regulatory level (EPA 2001). The BATs include ion exchange, 
activated alumina (AA), oxidation/filtration, reverse osmosis, enhanced 
coagulation/filtration, and enhanced lime softening. They are categorized into three 
primary processes; sorption treatment processes, membrane treatment processes, and 
precipitation/filtration processes. There are numerous alternative technologies that have 
emerged in the past few years that were found to be efficient in arsenic removal, with 
most of these based on sorption processes. At the time the new rule was promulgated, 
iron-based sorbents were listed as a possible sorption treatment process, not a BAT, due 
to "limited performance research" (USEPA 2003). 
In the past decade, interest in iron-based sorbents, particularly ZVI, has developed 
for their use as an arsenic-removal technique due to the lack of research and the 
possibility for an inexpensive, efficient, locally available, and simple adsorbent material. 
Previous studies, including several at UNH, have indicated that ZVI can be very effective 
in the removal of arsenic by adsorption (Hadnagy 2004, Le Roux 2005, Pepler 2009). 
1.1 Past Research at the University of New Hampshire 
Past research involving arsenic treatment has been conducted by several students 
at the University of New Hampshire under the New England Water Treatment 
Technology Assistance Center (NE-WTTAC). Hadnagy (2004) investigated the arsenic 
adsorption potential for a variety of adsorbents, including ZVI. Le Roux (2005) assessed 
the influence of water quality conditions on arsenic removal and iron dissolution using 
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ZVI as an adsorbent. Pepler (2009) reevaluated the influence of water quality conditions 
on arsenic adsorption by ZVI and also assessed the application of ZVI in a selected 
precoat filtration system for arsenic removal. 
The focus of the study by Hadnagy (2004) was to find effective arsenic adsorbent 
materials that could be used in small systems. The study concentrated on the arsenic 
removal efficiencies of four adsorbent materials; activated alumina, granular ferric 
hydroxide, goethite, and ZVI. These four materials showed the most promising results in 
an initial comparison between 15 possible adsorbents, and therefore subsequent kinetic 
and isotherms studies were performed. ZVI yielded the most promising results in both the 
kinetic and isotherm studies, and therefore further evaluation of ZVI was recommended. 
The final objective of the study was to evaluate anion competition for adsorption sites 
with arsenic for the four adsorbent materials mentioned above. ZVI was not included in 
this analysis due to unexpected experimental inconsistencies (Hadnagy 2004). 
Le Roux (2005) continued with research on arsenic removal by ZVI, and from 
April to August of 2005, focused on the efficiency of ZVI in removing arsenic from 
drinking water. The experiments evaluated the influence of water quality conditions, 
particularly pH and oxidation-reductions potential (ORP), on the efficiency of arsenic 
removal by ZVI. The study also evaluated the significance of sulfate competition on 
arsenic adsorption by ZVI, according to pH and ORP conditions. Le Roux (2005) 
concluded that pH and ORP have strong influence on the treatment of arsenic by ZVI, 
with the most efficient removals being achieved at low pH and high ORP levels. It was 
also concluded that sulfate competition did not appear to be a factor under the 
4 
experimental conditions evaluated in this study. Additional research was recommended to 
further understand the effect of ORP and pH on arsenic removal by ZVI (Le Roux 2005). 
Pepler (2009) continued with the evaluation of arsenic removal by ZVI, and from 
2007 to 2009, assessed the influence of various water quality conditions on arsenic 
adsorption using ZVI. The first objective of his research was to determine the optimum 
water quality conditions for maximizing arsenic adsorption and minimizing iron 
dissolution. The study analyzed a range of pH and ORP conditions, as well as sulfate, 
which acted as a competitive anion for arsenic adsorption. Pepler (2009) concluded that 
ORP had a strong influence on arsenic removal by ZVI and that the influence exerted by 
pH was drastically reduced if sufficient pretreatment and reaction times were allowed. It 
was also concluded that sulfate did not exert a strong influence on arsenic removals by 
ZVI when pretreatment was used to create sorption sites. Pepler also developed a pilot-
scale, ZVI-amended, diatomaceous earth (DE) precoat filtration strategy for the removal 
of arsenic from drinking water. It was determined that ZVI-amended, DE precoat 
filtration is an effective treatment for arsenic removal, but pH conditions throughout the 
system were important because of the possibility of iron dissolution as well as the 
kinetics of iron oxidation. Recommendations were made for future research to investigate 
the effect of pretreatment water quality conditions, specifically pH, on the dissolution of 
iron. Recommendations were also made for the investigation of ZVI pretreatment times 
and expanded ORP conditions effects on the removal of arsenic and dissolution of iron 
(Pepler 2009). 
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1.2 Objectives and Scope 
In order to understand the decision making process for this research, the 
conceptual treatment process that was utilized is shown in Figure 1.1. The process 
involves the treatment of arsenic-laden source water through adsorption by ZVI. The 
adsorption reaction takes place in either batch or continuous mode after ZVI, which can 
be pretreated in a batch reactor, is dosed as a slurry into the source water. The ZVI-
arsenic adsorption products are subsequently separated from the fluid stream, producing a 







 Adsorption Reaction: 











Figure 1.1 Conceptual arsenic treatment process 
The system depicted in Figure 1.1 has a variety of variables that affect the arsenic 
adsorption and separation processes. Arsenic adsorption capacities and kinetics by ZVI 
are known to be impacted by ZVI particle characteristics, concentration, and 
pretreatment, as well as source water pH and ORP conditions, temperature, ionic 
strength, and competitive ions. The ZVI pretreatment is impacted by time, ZVI particle 
characteristics and concentration, and solution pH and ORP conditions. 
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The present research investigated the removal of arsenic from drinking water by 
adsorption on zero-valent iron (ZVI). The main objectives of this study were: 
• Assess the potential for a magnetite-based mining byproduct to be used as 
an arsenic adsorbent material 
• Enhance water quality conditions, specifically pH and ORP, to minimize 
iron dissolution in an arsenic adsorption treatment scheme using ZVI 
• Evaluate the effect of oxidant type, or ORP conditions, ZVI pretreatment 
times, and anion competition, on arsenic adsorption kinetics by ZVI 
• Investigate innovative magnetic separation processes for ZVI in an arsenic 
treatment system 
• Evaluate the effect of pH on iron dissolution in a ZVI-amended, DE 
precoat filtration scheme for arsenic treatment 
• Assess the effect of contact time and ZVI dose on arsenic removals in a 
ZVI-amended, DE precoat filtration scheme for arsenic treatment 
1.3 Research Overview 
Bench- and pilot-scale experiments were performed in order to complete the 
aforementioned research objectives. The first bench-scale study was a full-factorial batch 
experiment, consisting of 4 experimental runs, analyzing the effects of magnetite content 
and adsorption site regeneration on the arsenic adsorption potential of a magnetite-based 
mining byproduct material. The second bench-scale study was a replicated full-factorial 
batch experiment, consisting of 4 experimental runs and a total of 20 sampling events, or 
trials, analyzing the effect of water quality conditions, specifically oxidant type, or ORP 
conditions, and pH, on ZVI dissolution. This experiment was expanded after initial 
7 
results were analyzed to include 3 additional runs aimed at further optimization of ORP 
conditions. The third bench-scale study was a batch experiment that included a total of 10 
runs, analyzing the effects of oxidant type, or ORP conditions, diffused air addition, ZVI 
pretreatment time, and fluoride competition on arsenic adsorption kinetics by ZVI. The 
final bench-scale study was a continuous experiment that analyzed the effect of magnetic 
separation techniques on the removal of ZVI from a fluid stream. 
The pilot-scale study included 5 experimental runs that analyzed the effect of pH 
on iron dissolution. This was accomplished by comparing results from this study to those 
obtained in a study by Pepler (2009). The experiment also analyzed the effects of ZVI 
and arsenic contact time, and ZVI dose, on arsenic removals. The process involved a 
treatment scheme similar to that shown in Figure 1.1, with the addition of DE precoat 




A literature review, based upon books, journal articles, and reports, is presented 
herein to better understand arsenic, zero-valent iron (ZVI), adsorption processes, precoat 
filtration, and magnetite properties and behavior. A background of arsenic is discussed 
first to gain an understanding of the contaminant of interest. The following sections cover 
the principles of adsorption, including the process, mechanisms, isotherms, and kinetics, 
in order to gain an understanding of the theories and principles that govern arsenic 
adsorption. These sections are individually concluded with literature supporting those 
governing principles in relation to arsenic adsorption by the adsorbents of interest. Iron 
chemistry is discussed next, followed by a discussion of precoat filtration. Magnetic 
separation principles and background conclude the chapter. 
2.1 Arsenic Background 
Arsenic contamination in drinking water is a worldwide public health concern. 
Arsenic is a toxic, odorless, tasteless, semi-metal element that is the 20th most abundant 
in the Earth's crust. Arsenic has a variety of sources, both natural and anthropogenic, and 
exists in natural waters in a variety of states. Except for individuals who are 
occupationally exposed to arsenic, humans are most susceptible to contact with arsenic 
by ingestion of contaminated food or drinking water (WHO 2003). It is therefore a very 
important contaminant in regards to public health in the field of environmental 
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engineering, and in particular water treatment. The following sections will provide an 
overview of arsenic, including its sources and occurrence, fate and transport, toxicity, and 
regulatory history. A brief explanation of current treatment technologies for arsenic 
contamination concludes the section. 
2.1.1 Sources and Occurrence 
Arsenic contamination in drinking water stems from both natural and 
anthropogenic sources, with the majority resulting from the mobilization under natural 
conditions. As previously discussed, arsenic is the 20th most abundant element in the 
Earth's crust and occurs as a major constituent in more than 200 minerals, of which about 
60% are arsenate, 20% sulfide and sulfosalts, and the remaining 20% include arsenides, 
arsenates, oxides, and elemental arsenic. The most common of the arsenic minerals is 
arsenopyrite, FeAsS, but arsenic is found associated with many types of mineral deposits, 
especially those including sulfide mineralization. Arsenic is also commonly found 
adsorbed to hydrous iron oxides (WHO 2001). 
The most dominant anthropogenic uses of arsenic include wood preservation 
techniques, agricultural applications, and glass production. Approximately 90 percent of 
industrial arsenic in the United States is currently used as a wood preservative (Welch, 
Westjohn, et al. 2000). Worldwide, it is estimated that 70% of the arsenic production is 
used in timber treatment as copper chrome arsenate, 22% in agricultural chemicals, and 
the remainder in glass, pharmaceuticals, and non-ferrous alloys (WHO 2001). Arsenic is 
also added to poultry and swine feed (Welch, Westjohn, et al. 2000), and much less 
abundantly used in the manufacture of sheep dips, leather preservatives, arsenic-
containing pigments, antifouling paints, and poison baits. Arsenic compounds are also 
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employed in limited amounts in the microelectronics and optical industries (WHO 2010). 
Industrial practices such as copper smelting, mining, and coal burning may also 
contribute arsenic to the environment (Welch, Westjohn, et al. 2000). Overall, the 
primary anthropogenic sources of arsenic releases to the environment include historic 
mining sites, pesticide and herbicide use, combustion byproducts from burning fossil 
fuels, animal feeds and waste byproducts, historic wood preserving sites, medicinal uses, 
fertilizer use, landfill leachate, glass production, and tanneries (EPA 2003). 
Natural environments in which high arsenic concentrations are common include 
inland or closed basins in arid or semi-arid areas, strongly reducing aquifers, geothermal 
areas, areas of mining activity, and areas where oxidation of sulfide minerals has 
occurred (Smedley and Kinniburgh 2002). The United States has many areas with high 
levels of arsenic, specifically throughout the Northeast, Midwest, West, and Southwest. 
Roughly 10%o of a total 30,000 groundwater samples analyzed in one study in the United 
States exceeded arsenic concentrations of 10 jig/L (Welch, Westjohn, et al. 2000). Figure 
2.1 depicts counties throughout the United States where at least 25% of ground-water 
samples exceeded the associated concentration. Many other countries, including 
Argentina, Chile, Mexico, China, Hungary, India, Bangladesh, Vietnam, Japan, Bolivia, 
Canada, Mongolia, Romania, Spain, Germany, Taiwan, Ghana, and Greece are also 
known to have areas with high levels of arsenic in ground-waters. In Bangladesh, one of 
the countries impacted most significantly by arsenic contamination, it is estimated that 
approximately half of the total population is at risk of drinking arsenic-contaminated 
water (Welch and Stollenwerk 2003). 
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Figure 2.1 Arsenic contamination thoughout the United States (Ryker 2001) 
2.1.2 Fate and Transport 
Arsenic exists in many valence states (-3, 0, +3, +5) as well as in both organic and 
inorganic forms. The inorganic forms are much more prevalent in water and are 
considered more toxic (Ng, Wang and Shraim 2003). Organic arsenic may be produced 
by biological activity, but rarely to levels of quantitative importance, except in waters 
impacted by industrial pollution. They are formed by methylation reactions catalyzed by 
microbial activity from bacteria, yeasts, or algae. The dominant forms are dimethylarsinic 
acid and monomethylarsonic acid (Smedley and Kinniburgh 2002). In its soluble 
inorganic states, arsenic typically exists as either trivalent (+3) arsenite or pentavalent 
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(+5) arsenate. Arsenite and arsenate can interchange oxidation state depending on redox 
conditions (Eh), pH, and biological processes (WHO 2001). Arsenite and arsenate are 
commonly found in anoxic and aerobic conditions, respectively. The species in which 
arsenic exists is highly dependent on pH, and the kinetics of dissociation for each is 
nearly instantaneous (EPA 2003). Figure 2.2 shows a predominance diagram of arsenic 
speciation throughout a wide range of redox and pH conditions. Figure 2.3a and 2.3b 
show the speciation of arsenite and arsenate throughout a wide range of pH conditions. 
Arsenic concentrations vary widely in natural waters, from less than 0.5 ug/L to greater 
than 5,000 ug/L (Smedley and Kinniburgh 2002). These variations are largely due to 
climate and geology, but can also be heavily influenced by anthropogenic sources 
(Welch, et al. 2000). Arsenic concentrations are typically higher in groundwaters than 
surface waters. Surface waters typically have arsenic concentrations less than 10 \ig/L, 
and frequently less than 1 |A.g/L, but concentrations can reach levels of 100 to 500 (ig/L in 
rivers and lakes fed by geothermal waters, and up to 1000 ug/L in areas affected by 
mining activities. Groundwaters, although typically having relatively low background 
concentrations (less than 10 ug/L) of arsenic, are more often subject to high pH or 
reducing conditions associated with high arsenic concentrations, than surface waters, and 
are therefore more commonly contaminated with arsenic. Localized events such as 
geothermal areas, mining, and industrial activities have also been found to cause high 
arsenic levels in groundwater. One characteristic feature of areas with arsenic 
contaminated groundwater is a large degree of spatial variability in arsenic concentrations 
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Figure 2.2 Predominance diagram for arsenic species in water at 25°C and 1 bar (Smedley and 
Kinniburgh 2002) 
100 100 
Figure 2.3 Speciation diagram for (a) arsenite and (b) arsenate in waters as a function of pH. 
Redox conditions chosen such that the indicated oxidation state dominates speciation in both 
cases (Smedley and Kinniburgh 2002) 
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The most common conditions, or triggers, responsible for high arsenic 
concentrations, are those that impact the adsorption, dissolution, and precipitation 
reactions of arsenic as well as metal oxides and sulfide minerals, as it is known that high 
concentrations of arsenic are often associated with sulfide minerals and metal oxides 
(Singh 2006). The EPA adds that arsenic occurrence in water is typically caused by 
weathering and dissolution of arsenic-bearing rocks, minerals, and ores (EPA 2003). The 
development of high pH (>8.5) conditions due to mineral weathering and high 
evaporation rates leads to desorption of adsorbed arsenic or prevents arsenic from being 
adsorbed (Smedley and Kinniburgh 2002). Desorption of arsenic at high pH conditions 
may be related to the development of a net negative surface charge on the metal oxide 
particle at pH values above the point of zero charge (PZC), which occurs between 7.8 and 
8.5 for many iron oxides (Benjamin 2002). The PZC is also referred to as the isoelectric 
point, and may also be abbreviated IEP or pHPZc- Strongly reducing conditions at near-
neutral pH values can also lead to desorption of arsenic from mineral oxides (Smedley 
and Kinniburgh 2002). The release of arsenic under reducing conditions is most likely the 
result of iron and manganese dissolution due to reduction of the metals to more soluble, 
reduced states, but may also be due to the reduction of arsenate to arsenite, which is less 
strongly bound to metal oxides (Dixit and Hering 2003). Finally, large concentrations of 
phosphate, bicarbonate, silicates, and possibly organic matter have been associated with 
areas of high arsenic contamination due to the enhanced desorption of arsenic caused by 
competition for sorption sites (Smedley and Kinniburgh 2002). 
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2.1.3 Toxicity 
The potential for arsenic contamination of water, air, and soil from both 
geological and anthropogenic sources is a significant environmental health concern 
because of its prevalence and toxicity (Ng, Wang and Shraim 2003). Exposure to arsenic 
is known to have adverse health effects stemming from both acute and chronic exposure. 
In one estimate, consumption of arsenic-contaminated drinking-water in Bangladesh 
resulted in about 9,100 deaths and 125,000 disability-adjusted life years in 2001 alone 
(WHO 2010). 
Intake of inorganic arsenic over a long period can also lead to chronic arsenic 
poisoning, or arsenicosis, which may induce effects such as skin lesions, peripheral 
neuropathy, gastrointestinal symptoms, diabetes, renal system effects, cardiovascular 
disease, and cancer (WHO 2010). Epidemiological studies have shown that chronic 
exposure to low levels of arsenic, less than 50 (J.g/L, have been linked to cancer of the 
skin, kidney, lung, and bladder, as well as skin diseases and neurological and 
cardiovascular system conditions (EPA 2005). Arsenic contamination is considered one 
of the prominent environmental causes of cancer mortality in the world (Smith, et al. 
1992). 
Studies have also shown that acute toxicity to higher levels of arsenic, between 
1.2 and 21 mg/L, has been linked to early symptoms of abdominal pains, vomiting, 
diarrhea, and muscle pain and weakness, followed by numbness and tingling of the 
extremities, muscle cramping, and the appearance of papular erythematous rashes. These 
symptoms may continue to advance to burning paraesthesias of the extremities, 
palmoplanar hyperkeratosis, Mee's lines on fingernails, and progressive deterioration in 
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motor and sensory responses within a month if exposures to arsenic at these levels 
continue (Muphy, Lyon and Taylor 1981). 
2.1.4 Regulatory History 
In October of 2001, the EPA adopted a new arsenic standard of 10 ug/L. The 
standard was first announced in January of 2001. The adoption of this standard was the 
first change in arsenic's regulatory history in the United States since the United States 
Public Health Service (USPHS) set an interim drinking water standard of 50 ug/L in 
1942. This interim standard was adopted by the EPA in 1975. The new regulations called 
for a compliance date for the new arsenic standard by 2006. Prior to this regulatory 
update, the EPA had been directed by Congress to update the standard in both 1986 and 
1996, but it wasn't until 2000 that the EPA proposed a new arsenic standard of 5 ug/L 
(Smith, et al. 2002). Table 2.1 gives an outline of the regulatory history of arsenic in the 
United States. 
The World Health Organization (WHO) recommended a maximum allowable 
concentration of 0.2 mg/L for arsenic in 1958 based on health concerns. This value was 
lowered to 0.05 mg/L in the 1963 International Standards, which was retained as a 
tentative upper concentration limit in the 1971 International Standards. The guideline 
value of 0.05 mg/L was again referenced in the first edition of the Guidelines for 
Drinking-water Quality, published in 1984. In the 1993 Guidelines, based on concern 
regarding carcinogenicity in humans, the WHO set a provisional guideline value for 
arsenic at the practical quantification limit of 0.01 mg/L (WHO 2008). Many other 
countries throughout the world have similar standards to those recommended by the EPA 
and WHO, resulting in a demand for cost-effective and efficient treatment options. 
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USPHS sets an interim drinking water standard of 50 ug As/liter 
USPHS identifies 10 ug As/liter as the goal 
EPA adopts the interim standard of 50 ng As/liter set by the USPHS in 1942 
Congress directs EPA to revise the standard by 1989 
EPA estimates that the ingestion of 50 ng As/liter results in a skin cancer risk of 1 in 400 
Internal cancer risk estimated to be 1.3 per 100 persons at 50 ug As/liter 
World Health Organization recommends lowering arsenic in drinking water to 10 ug 
As/liter 
Congress directs the EPA to propose a new drinking water standard by January 2000 
NRC estimates cancer mortality risks to be about 1 in 100 at 50 ng As/liter 
EPA proposes a standard of 5 ng As/liter and requests comment on 3,10, and 20 ng 
As/liter 
(January) EPA lowers the standard to 10 ng As/liter 
(March) EPA delays lowering the standard 
(September) New NRC report concludes that EPA underestimated cancer risks 
(October) EPA announces it will adopt the standard of 10 ng/hter 
(February) The effective date for new standard of 10 ng As/liter 
Compliance date for the new arsenic standard 
2.1.5 Treatment Technologies 
The EPA's final rule, which established the new MCL for arsenic, also identified 
Best Available Technologies (BATs) for achieving compliance with this regulatory level 
(EPA 2001). The BATs include ion exchange, activated alumina (AA), oxidation 
filtration, reverse osmosis, enhanced coagulation/filtration, and enhanced lime softening. 
They are categorized into three primary processes; sorption treatment processes, 
membrane treatment processes, and precipitation/filtration processes. There are numerous 
alternative technologies that have emerged in the past few years that were found to be 
efficient in arsenic removal, with most of these based on adsorption processes. At the 
time the rule was promulgated, iron-based sorbents were listed as a possible sorption 
treatment process, not a BAT, due to "limited performance research" (USEPA 2003). 
In the past decade, interest in iron-based sorbents, particularly zero-valent iron 
(ZVI), has developed for their use as an arsenic-removal technique because of the lack of 
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research and the possibility for an inexpensive, efficient, locally available, and simple 
adsorbent material. Previous studies, including several at UNH, have indicated that ZVI 
can be very effective in the removal of arsenic by adsorption (Hadnagy 2004, Le Roux 
2005, Pepler 2009). 
2.2 Arsenic Adsorption Overview 
Adsorption is a surface phenomenon that is defined as the increase in 
concentration of a particular component at the surface or interface between two phases 
(Faust and Aly 1987). Adsorption plays a critical role in the transport, bioavailability, and 
fate of contaminants and naturally occurring trace compounds in both natural and 
engineered aquatic systems (Benjamin 2002). In water treatment, adsorption processes 
most often involve the accumulation of solutes at the interface of a solid, resulting in 
decreased concentration of molecules in the liquid that is in the immediate vicinity of the 
solid surface (Crittenden, et al. 2005). They are beneficial as they often provide the most 
cost-effective means of removing contaminants from solution to extremely low levels in 
engineered water treatment systems (Benjamin 2002). Adsorption is known to be the 
predominate mechanism controlling transport of arsenic in many groundwater systems 
(Welch and Stollenwerk 2003), and is also considered a best available technology (BAT) 
for arsenic treatment (EPA 2003). The principles of adsorption and how they relate to 
arsenic adsorption by ZVI and magnetite will be discussed in subsequent sections. 
2.2.1 Sorbents 
Solids capable of sorption that are commonly used in water treatment include 
metal oxides, activated carbon, and ion exchange resins (Benjamin 2002). The most 
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common sorbents used for the removal of arsenic include ion exchange resins, activated 
alumina, and iron-based adsorbents (EPA 2003). The adsorbents that are relavent to this 
research include zero-valent iron (ZVI) and magnetite, which share many common 
characteristics, as magnetite is a common ZVI corrosion product. 
ZVI has a wide variety of applications in the remediation of hazardous wastes and 
in water treatment. ZVI has been found by several researchers to have the ability to 
remove arsenic compounds in water (Sun, et al. 2006). In the last decade, much research 
has been done on arsenic removal from groundwater, surface water, and soil using 
adsorption by iron-based adsubents such as ZVI (Yoshizuka, Nishihama and Sato 2010). 
Prior to its use in arsenic treatment, ZVI had been shown to be an effective material for 
the dehalogenation of chlorinated organic compounds and for the removal of toxic 
substances (Bang, Johnson, et al. 2005). ZVI has been used in the remediation of 
contaminated aquifers for over 15 years, often acting as a reducing agent to transform 
contaminants such as chlorinated solvents. Its use as a permeable reactive barrier is well 
established in remediation technology (Comba, Molfetta and Sethi 2011). Research has 
also shown that ZVI has effectively removed nitrate and other inorganic contaminants 
such as chromate, uranyl, copper, cadmium, aluminum, zinc, nickel, and metalloids such 
as selenocyanate (Bang, Korfiatis and Meng 2005). The primary advantages for 
application of ZVI include low cost, simplicity in handling and scalability, and the 
formation of strong adsorption complexes between iron reaction products and dissolved 
arsenic species (Manning, et al. 2002). 
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2.2.2 Process of Adsorption 
The process of adsorption is often described as occurring in several stages. The 
following four stages of adsorption are used to explain the process (Metcalf & Eddy 
2003): 
1. Bulk solution transport: the movement of an adsorbate through the bulk liquid to 
the boundary layer of a fixed film of liquid surrounding the adsorbent, typically 
by advection and dispersion. 
2. Film diffusion transport: transport of adsorbate through the stagnant liquid film to 
the entrance of the pores of the adsorbent by diffusion. 
3. Pore transport: transport of adsorbate through the pores by a combination of 
molecular diffusion through the pore liquid and/or by diffusion along the surface 
of the adsorbent. 
4. Adsorption (or sorption): attachment of the adsorbate to the adsorbent at an 
available sorption site, which can occur on the outer surface or the inner pores. 
These stages are often governed by mass transfer, which is impacted by adsorbate 
concentration, adsorbent characteristics such as porosity and surface area, and mass 
transfer coefficients, which can be characterized by water characteristics and mixing 
regimes (Yu, et al. 2006). 
2.2.3 Adsorption Mechanisms 
Adsorption processes are controlled by mechanisms that are often complicated 
and dynamic, involving more than one single mechanism for each adsorption process. In 
discussing adsorption it is useful in distinguishing between physical adsorption, involving 
only relatively weak intermolecular forces or nonspecific binding mechanisms such as 
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van der Waals forces, and chemisorption, which involves the specific exchange of 
electrons and essentially the formation of a chemical bond between the sorbate molecule 
and the surface of the adsorbent (Faust and Aly 1987). Although useful, this distinction 
does not always entirely apply, as many cases are intermediate, and a particular system 
can not always be categorized unequivocally (Crittenden, Trussell, et al. 2005). 
Interpretation of adsorption phenomena in natural waters requires consideration of 
acid/base chemistry, metal-ligand chemistry, and thermodynamic and electrochemical 
principles (Benjamin 2002). 
Physical adsorption involves three competing interactions. These include 
adsobate-water interactions, adsorbate-surface interactions, and water-surface 
interactions. The extent of adsorption that occurs is determined by the strength of the 
adsorbate-surface interactions compared to the others. Physical adsorption is also 
commonly an exothermic, reversible reaction, with a heat of adsorption of 4 to 40 
kJ/mole (Crittenden, et al. 2005). Outer-sphere surface complexation, or non-specific 
adsorption, is a common form of physical adsorption which involves the electrostatic 
attraction between a charged surface and an oppositely charged ion in solution (Welch 
and Stollenwerk 2003). 
Chemisorption reactions are primarily controlled by the type of reaction occurring 
on the surface of the adsorbent. These reactions include dipole attraction and repulsion, 
hydrogen bonding, charged functional groups, as well as neutral molecule interactions 
such as van der Waals forces. Chemisorption is also an exothermic, typically 
nonreversible reaction, with a heat of adsorption greater than 200kJ/mole (Crittenden, et 
al. 2005). Inner-sphere complexation, or specific adsorption, is a form of chemisorption 
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that involves the formation of a coordinative complex with a mineral surface. Inner-
sphere complex bonds are more difficult to break than outer-sphere complex bonds and 
result in stronger adsorption of ions (Welch and Stollenwerk, Arsenic in Ground Water: 
Geochemistry and Occurrence 2003). With respect to adsorption of inorganics onto 
inorganic adsorbents, one class of chemical bonding to specific surface sites is the acid-
base reaction at a functional group (Crittenden, et al. 2005). One example is given by 
equation [2.1], a general equation describing the reaction between hydrated metal ions in 
solution with hydroxide sites on metal oxides (Parks 1975). 
MeOH{aq) + SOHsurface -* SOMesurface + H20 [2.1] 
Oxides of iron, aluminum, and manganese are potentially the most important 
source/sink for arsenic in aquifer sediments. The adsorption properties of metal oxides 
are due to the presence of surface functional groups that form from complexes at the 
surfaces of these metals, resulting in the development of a surface charge that changes 
with pH (Welch and Stollenwerk 2003). The pH corresponding to a surface charge of 
zero is defined as the zero point of charge (pHzpc)- Above the pHzpc the surface charge 
will be negative and below it the surface charge will be positive (Faust and Aly 1987). 
Arsenic species adsorb to metal oxides by ligand exchange with OH surface 
functional groups, forming inner-sphere complexes. This type of adsorption requires an 
incompletely dissociated acid, such as H2ASO4", to provide a proton for complexation 
with the surface OH group, forming H2O and providing a space for the anion. The energy 
required to dissociate the weak acid at the oxide surface varies with pH, and as a result, 
the amount adsorbed varies with pH. 
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Evidence that inner-sphere complexation is the primary mechanism for adsorption 
of arsenic on metal oxides comes from experiments designed to evaluate the effects of 
ionic strength and pH on arsenic adsorption. Changes in ionic strength, which affect 
electrostatic forces near the mineral surface, impact the formation of outer-sphere 
complexes formed by weakly adsorbed anions. In contrast, the formation of inner-sphere 
complexes coordinate directly with the oxide surface in a manner that is independent of 
ionic strength (Welch and Stollenwerk 2003). Experimental data has shown that 
adsorption of As(V) by ferrihydrite and goethite is essentially not impacted by ionic 
strength solutions ranging from 0.005 to 0.1 M, consistent with inner-sphere surface 
complexes (Hsia, et al. 1994, Grossl and Sparks 1995). Inner-sphere complexes have also 
been inferred from observable changes in IEP of the adsorbing solid due to arsenic 
adsorption. Inner-sphere complexes have been shown to increase the negative charge of 
adsorbent surfaces, thereby decreasing the IEP to a lower pH value (Welch and 
Stollenwerk 2003). Adsorption of both As(III) and As(V) have been found to lower the 
IEP of various iron oxides, including goethite and ferrihydrite (Hingston, Posner and 
Quirk 1972, Jain, Raven and Loeppert 1999). One study found that the IEP of ferrihydrite 
decreased from a pH of 8 to 4 as As(V) increased from 0 to 100 uM (Hsia, et al. 1994). 
Studies have indicated that different mechanisms might predominate for arsenite 
and arsenate removal in aerobic and anaerobic environments. Surface precipitation and 
adsorption appear to be the predominant mechanism for arsenic removal by ZVI in 
aerobic environments, while precipitation seems to be more important in anaerobic 
environments (Sun, et al. 2006). This is supported by other studies that have shown that 
the primary removal mechanism for arsenic by ZVI is due to spontaneous adsorption and 
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coprecipitation of arsenic with iron oxides/hydroxides, which form in-situ during ZVI 
oxidation. Although the reactions at the corroding ZVI surface are complex and result in 
a variety of potential adsorption surfaces, studies have shown that the products after 
reaction of arsenic species with ZVI were inner-sphere surface complexes on iron 
oxide/hydroxide corrosion products, including magnetite (Kanel, Manning, et al. 2005). 
Huang, et al. (2010) found that the removal of arsenic by NZVI was mainly attributed to 
adsorption by iron hydroxides generated form the oxic corrosion of ZVI. Sasaki, et al. 
(2009) found that co-precipitation with Fe(III)-bearing minerals as corrosion products 
governed arsenic immobilization. Melitas, et al. (2002) found that the sustained 
performance of ZVI for arsenic removal is dependent on the continuous generation of 
iron oxide adsorption sites and on the ability of arsenic to reach adsorption sites via 
diffusion. Laser light scattering was used in one study to confirm that the mechanism of 
adsorption for NZVI removal of arsenite was inner-sphere surface complexation (Kanel, 
Manning, et al., Removal of Arsenic(III) from Groundwater by Nanoscale Zero-Valent 
Iron 2005). This study also found through XRD that the identity of the actual reactive 
surface site on NZVI is likely either a stable or metastable ferrous, ferric, or mixed oxide, 
hydroxide, or oxyhydroxide corrosion product. Bang, et al. (2005) found that the removal 
of arsenic by ZVI was mainly attributed to adsorption on iron hydroxides produced 
through the oxidation of ZVI by dissolved oxygen. Figure 2.4 provides a visual depiction 
of the mechanisms that are believed to dominate in the removal of arsenic by ZVI. 
As inner-sphere surface complexation by ligand exchange with hydroxyl groups 
at the mineral surface is widely accepted as the primary mechanism of arsenic adsorption 
by metal oxides, the nature of the inner-sphere complex has been controversial. The 
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inner-sphere complexes have been interpreted to indicate three possible surface 
complexations; monodentate corner sharing, bidentate corner-sharing, and bidentate 
edge-sharing (Fendorf, et al. 1997). In one study, adsorption of arsenate onto goethite, 
lepidrocite, hematite, and ferrihydrite has been shown to occur through the formation of 
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Figure 2.4 Proposed mechanism of arsenic adsorption for arsenite and arsenate (Tamboonchuy, 
etal. 2011) 
2.2.4 Adsorption Isotherms/Capacities 
In order to quantify the affinity of the adsorbate for an adsorbent and describe the 
amount of adsorbate that can be adsorbed onto an adsorbent at equilibrium and constant 
temperature, equilibrium isotherms are often performed. Isotherm studies allow varying 
concentrations of an adsorbent to come to equilibrium with a specific concentration of 
adsorbate. The results are then plotted and analyzed according to specific isotherm 
models to find the defining coefficients of the adsorbent for that specific adsorbate. The 
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most common models used to quantify isotherm results are the Freundlich, Langmuir, or 
Brunauer-Emmett-Teller (BET) Isotherms (Crittenden, et al. 2005). 
The Langmuir Isotherm is a monolayer adsorption model that describes the 
equilibrium between surface and solution as a reversible chemical equilibrium between 
species. The model assumes that the adsorbent surface is made up of fixed individual 
sites where molecules of the adsorbate may be chemically bound. It's also assumed that 
the reaction has a constant free-energy change for all sites and that each site is capable of 
binding, at most, one molecule of adsorbate (Crittenden, et al. 2005). 
The BET Isotherm extended the Langmuir monolayer model to several molecular 
layers, which subsequently equilibrate with the layer below it. The basic assumption is 
that the first layer adsorbs according to forces between the adsorbent and adsorbate and 
subsequent layers adsorb as if they were forming precipitating layers (Brunauer, Emmett 
and Teller 1938). 
Although the Langmuir isotherm is adequate for describing many systems, it fails 
in many others. In order to understand the reasons for this, adsorbents need to be better 
understood. Adsorptive surfaces are neither uniformly flat nor infinite in extent. Even on 
a perfectly flat surface, different surface atoms might be attached to the underlying bulk 
solid via different numbers or types of bonds. These factors may cause different sites to 
have different affinities for adsorbate molecules, thus, it might be appropriate to treat the 
surface as a collection of many different sites. It also must be understood that adsorbent 
sites are not independent, and a reaction at one point on the surface can affect the 
chemistry of other parts of the surface. This can occur by redistribution of electrical 
charges on the surface due to adsorption of an ion, causing other ions to be attracted to 
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that surface either more or less strongly, or by interactions between adsorbates, which is 
likely, due to the fact that they share the same surface. The adsorption reaction in a 
system that assumes the presence of more than one type of surface site on an adsorbent is 
described by the Multisite Langmuir Isotherm, and is often derived from competitive 
adsorption experiments. Although the number of different types of sites is in theory, 
unlimited, adsorption can often be modeled by considering just two or three types of 
sites, implying that just a few site types dominate adsorption in these systems. The 
multisite Langmuir model suffers from the fact that each postulated type of site increases 
the number of adjustable parameters in the model by two. It is also rarely possible to 
resolve experimental data well enough to justify proposing more than two types of sites 
on a given surface, and even then the evaluation of the constants must be viewed 
somewhat skeptically (Benjamin 2002). 
The Freundlich Isotherm model also describes data for heterogeneous adsorbents 
with varying site energies in consistency with the thermodynamics of heterogeneous 
adsorption. In other words, the Freundlich model presupposes a great deal of variability 
in adsorption binding constants, but postulates a specific form for the site distribution 
function, or a specific relationship between the binding constants and the site 
concentrations (Benjamin 2002). The two assumptions are that the site energies for 
adsorption follow a Boltzmann distribution with mean site energy (dH\i) and the change 
in site entropy increases linearly with increasing site enthalpy (Crittenden, et al. 2005). 
The Freundlich model does not possess quite as much flexibility as the multisite 
Langmuir model, but nevertheless, often provides a remarkably good fit to experimental 
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data, and is therefore frequently used to describe equilibrium adsorption relationships 
(Benjamin 2002). 
A variety of adsorption capacities and isotherm models have been developed for 
arsenic adsorption by ZVI. Studies have shown that ZVI has a high capacity for arsenic 
remediation, including both arsenate and arsenite (Tanboonchuy, et al. 2011). The 
maximum sorption capacities for arsenite and arsenate were found to be 102 and 118 
mg/g, respectively for the Langmuir isotherm model, and 76.9 and 206 mg/g, 
respectively, for the Freundlich isotherm model at a solution pH of 4. The Langmuir 
isotherm models appeared to achieve slightly better model fits than the Freundlich for 
both arsenite and arsenate. The study found that both isotherm models show higher 
capacity for arsenate than arsenite (Tamboonchuy, et al. 2011). ZVI was found to have 
high removal capcities for arsenate than arsenite in the presence of oxygen in a study by 
Beng, et al. (2005). Sasaki, et al. (2009) found ZVI to have calculated maximum sorption 
capacities of 1.92 mg/g using Langmuir isotherm models. Nikolaidis, et al. (2003) found 
that the accumulation on the ZVI media was 4.4 mg of arsenic per g of media. Kanel, et 
al. (2005) found that the maximum arsenite adsorption capacity calculated by Freundlich 
adsorption isotherm was 3.5 mg of arsenite per g of NZVI. Factors that have impacted 
these results include temperature, competitive ions, redox conditions, pH, and ZVI 
characteristics, such as particle size and source (Kanel, Manning, et al. 2005, Bang, 
Korfiatis and Meng 2005, Sun, et al. 2006, Biterna, Arditsoglou, et al. 2007, Le Roux 
2005, Pepler 2009). 
Effect of pH. One study examined nano zero-valent iron (NZVI) capacities for 
asenite and arsenate at different initial solution pH values, DO concentrations, initial 
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arsenic concentrations, and arsenite to arsenate ratios. Capacities for arsenic removals by 
NZVI were found to be 38.5, 39.5, and 28.0 mg/g for arsenite, and 43.6, 42.3, and 37.5 
mg/g for arsenate removals at pH conditions of 4, 7, and 9, respectively. The same study 
found that the presence of oxygen increased adsorption capacities through oxygen 
induced corrosion products ofiron. Finally, it revealed that the higher the mass fraction of 
arsenate present, the higher the amount of total arsenic that can be removed 
(Tamboonchuy, et al. 2011). Low pH is propitious to remove arsenic compounds in 
aerobic conditions, while in relatively anaerobic conditions, acidic and alkaline 
conditions seem to be favorable for arsenate and arsenite removals, respectively (Sun, et 
al. 2006). Removals also appeared were found to be greater for arsenate at lower pH 
conditions from 6 to 8 (Bang, Korfiatis and Meng 2005). 
Effect of ORP Conditions. In another study, Tanboonchuy, et al. (2011) found 
that maximum arsenic sorption capacities by nano-ZVI increased from 59.31 to 129.3 
mg/g due to an increase in dissolved oxygen levels in an environment where gas was 
bubbled into the solution during the reaction. The study also found that pretreatment with 
carbon dioxide (CO2) bubbling followed by bubbling of air provided the best conditions 
for arsenate removal. The advantage to CO2 bubbling was that it created an acidic 
environment without sacrificing treated water quality, and air bubbling helped to generate 
iron corrosion products, which provide reaction sites for arsenic adsorption 
(Tanboonchuy, et al. 2011). A study by Bang, et al. (2005) found that ZVI filings 
capacity for arsenic was much higher in the presence of oxygen, as large amounts of 
ferric hydroxide precipitates were formed. Based on mass balance calculations, ZVI in 
this column study was found to have an arsenic adsorption capacity of 45 g of arsenic per 
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kg of ZVI (Bang, Korfiatis and Meng, Removal of arsenic from water by zero-valent iron 
2005). 
Effect of Anion Competition. Biterna, et al. (2010) found that anions, particularly 
borate and organic matter, at higher concentrations, significantly decreased the removal 
of arsenic. Kanel, et al. (2005) found that competing anions such as bicarbonate and 
sulfate, and possibly trace amounts of silica and phosphate impede on arsenic adsorption 
by NZVI. Sun, et al. found that phosphate inhibited arsenic removal due to the 
competition for sorption sites between arsenate and phosphate species, and became more 
evident as the concentration of phosphate was increased. Humic matter was also found to 
inhibit arsenic removals by ZVI at high concentrations of 6mg/L sodium humate (Sun, et 
al. 2006). 
Magnetite. Magnetite has been found to adsorb arsenic in several studies. A study 
by Emese Hadnagy in 2004 worked with several iron-based adsorbents, including ZVI, 
granular ferric hydroxide (GFH), hematite, goethite, and magnetite. The magnetite 
removed about 20 to 25% of the initial arsenic and had an adsorption density of 120ng/L 
(Hadnagy 2004). Another study found magnetite to be a very efficient adsorbent for 
arsenic, achieving removals of 98 and 99% for arsenate and arsenite, respectively. The 
study found that particle size was an extremely significant factor in arsenic removal. 
Removals increased from 25 to over 99% for arsenite, and 29 to 98% for arsenate, with a 
change in magnetite particle size from 300 to 12 nm in diameter, respectively (Mayo, et 
al. 2007). The reason for the increase is that the adsorbent's particle size is inversely 
correlated to its surface area per mass, and subsequently the amount of sorption sites. Due 
to this relationship, particles with smaller diameters have larger surface area per mass and 
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therefore more sorption sites. It has also been shown that solution pH and adsorbent 
concentration have a significant effect on arsenate adsorption by magnetite. Removals 
increased with decreasing pH and increasing adsorbent concentration (Su and Puis 2008). 
2.2.5 Adsorption Kinetics 
The kinetics of arsenic adsorption by ZVI is very complicated to model or predict 
due to the number of factors involved. The rates of arsenic removal are affected by many 
factors, such as dissolved oxygen (DO), pH, types of ZVl products, chemical 
composition of the water, and intensity of mixing (Bang, Korfiatis and Meng 2005). The 
mechanisms associated with adsorption also play a role in the kinetics, as surface 
adsorption is assumed to be a fast reaction that reaches equilibrium in a relatively short 
time, while precipitation and co-precipitation in solution, or diffusion through the iron 
oxides and surface precipitation are much slower processes (Nikolaidis, Dobbs and 
Lackovic 2003). Various kinetic equations have been developed to explain the arsenic 
adsorption reaction on ZVI, many of which will be discussed below. 
A study performed by Tanboonchuy et. al. (2011) used equation [2.2] to express 
the sorption performance of nano zero-valent iron (NZVI). 
m(qe - q0) = V(C0 - Ce) [2.2] 
where m is the mass of the NZVI; qe and q0 are the arsenic uptakes by the sorbent 
(mg/g) at equilibrium and initial conditions, respectively; V is the solution volume (L); 
and C0 and Ce are the initial and equilibrium concentrations (mg/L) of arsenic in solution, 
respectively. The best scenario, which included pretreatment of the NZVI by adjusting 
the initial pH to 4 by C02 bubbling at 300 mL/min for 5 minutes followed by bubbling 
air at 300 mL/min for 10 minutes, followed finally by a treatment step which included air 
32 
bubbling at 300 mL/min, yielded an observed rate constant (kobs) of 0.109 min"1 and an 
arsenic half-life of 6.36 minutes. The kobs for a scenario that only provided pH adjustment 
by CO2 was 0.022 min"1. It was concluded that As(V) adsorption kinetics increased with 
decreasing pH and higher dissolved oxygen levels (Tanboonchuy, et al. 2011). 
A study by Biterna et al. (2010) analyzed the effect of pH and competitive ions on 
adsorption kinetics of As(III) by ZVI. Kinetics increased when the initial pH of the 
solution was increased from 4 to 7. Pseudo-first order rate constants of 0.53 and 0.275 
min"1 were found for pH of 7 and 4, respectively. Competitive ions showed inhibiting 
effects on kinetics at different extents. The competitive ions studied were sulfate, borate, 
and humic acids. The competitive ions had negative effects on the kinetics of arsenic 
adsorption in the following order: HA > BO3 > SO4. The humic acid behavior can be 
attributed to the formation of soluble iron-humate complexes and stable, fine iron 
(oxy)hydroxide colloids that may suppress the formation and aggregation of iron 
corrosion products, which are closely involved in arsenic removal. Additionally, humic 
acids are readily adsorbed onto oxide surfaces and can modify the surface properties of 
iron oxides, resulting in stabilized iron oxide colloids in the aqueous phase (Biterna, et al. 
2010). 
A study by Huang et al. performed kinetic studies using NZVI indicated fast 
initial removals, about 98% in the first 10 minutes of mixing, followed by a gradual 
decrease in kinetics. First-order kinetic rate laws, shown in equation [2.3] were 
normalized to the particle surface area, as shown in equation [2.4], and were used to 
determine rate constants for As(III) adsorption. 
ln(C/C0) = -Kbst [2.3] 
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ln(C/C0) = -kSAasPmt [2.4] 
where C0 is the initial concentration of As(III) (ng/L); C is the concentration of As(III) 
(ng/L) at time t(min); kobs is the observed first-order rate coefficient; kSA is the surface-
area-normalized rate coefficient (mL/m2-min); as is the specific surface area of the metal 
(m2/g); and p m is the mass concentration of metal (g/L). The observed first-order rate 
constant and the surface-area-normalized rate coefficient were found to be 0.21 min"1 and 
3.42 mL/m2-min, respectively, for As(III). The study later explains in its conclusions that 
the adsorption process followed the pseudo-first order kinetic expression, contrary to the 
equations used in the results (Huang, et al. 2010). 
A study by Kanel et al. (2005) also used a pseudo-first order equation, shown as 
equation 1-4, to model the kinetics. 
rate = ^  = kobs[NZVI] [2.5] 
where [AsT] is the concentration of total dissolved arsenic (mg/L) at time t (min); 
[NZVI] is the concentration of NZVI (g/L); and kobs is the pseudo-first-order rate 
constant of arsenic (min"1). The reaction was found to be pseudo-first-order with respect 
to total NZVI concentrations. The pseudo-first order rate constants increased from 0.07 to 
1.30 min"1 with increasing NZVI concentration from 0.5 to 10 g/L, but when normalized 
by surface area, rate constants in each scenario remained relatively stable at around 0.005 
L m"2 min"1. The point of zero charge ranged from a pH of 7.8 for untreated NZVI to 7.6 
and 7.0 for a 0.1 and 1 mg/L As(III) solution, respectively (Kanel, et al. 2005). 
A study by Bang et al. (2005) found results that indicate that As(V) removal by 
ZVI is faster than As(III) removal under oxic conditions over a period of 9 hours. Greater 
than 82.6% of the As(III) was removed after 9 hours of mixing when the solution was 
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open to air, while less than 4% of the As(III) was removed under anoxic conditions. 
Simlarly, greater than 99.8% of As(V) was removed under oxic conditions while less 
than 9% was removed when purged with nitrogen gas. The solution pH also effected 
As(V) removals. Removals of greater than 99.8%, 55.5%, and 2% of As(V) were seen 
after 9 hours of mixing when the pH of the solution was maintained at 6, 7, and 8, 
respectively. A pseudo-first-order rate expression as shown in equation [2.6] was used to 
describe the adsorption reaction. 
where [As] is the concentration of arsenic (mg/L); t is the time (h); and k is the pseudo-
first order rate constant (h"1). The As(V) rate constant increased from 0.08 to 0.32 h"1 with 
decreasing pH from 7 to 6. The rate constant also increased from 0.02 to 0.32 h"1 at a pH 
of 6 when going from anoxic to oxic conditions. The study showed that arsenic 
adsorption kinetics improve with decreasing pH conditions as well as when adsorption 
occurs under oxic conditions due to the continuous generation of iron corrosion products 
(Bang, Korfiatis and Meng 2005). 
Mass transfer also plays an important role in arsenic removal by ZVI, and it is 
suspected that diffusion within the oxides is the rate limiting step. The removal rate of 
arsenic appears to be significantly affected by mass transfer conditions, or mixer stirring 
speeds. Arsenic removals of 99% were achieved after one hour at a mixing speed of 333 
rpm, whereas five days were necessary to reach 96.5% removals at 5 rpm. (Yu, Amrhein, 
et al. 2006). Under mixing conditions, iron corrosion is accelerated, oxide film formation 
at the ZVI surface is avoided or delayed, and the corrosion products' nucleation and 
precipitation in the bulk solution is accelerated (Noubactep 2008). Therefore, a 
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passivating layer does not form which would limit diffusion of arsenic to the iron surface, 
iron corrosion, or the formation ofiron oxides. 
2.3 Iron Chemistry 
The chemistry of zero-valent iron plays a very significant role in its application to 
arsenic adsorption. The oxidation and aging of ZVI and its corrosion products impact its 
adsorption capabilities for arsenic. Iron chemistry not only has an impact on ZVI's 
arsenic adsorption capabilities, but also with the levels of dissolved iron in solution. Iron 
oxidation and aging as well as iron dissolution and speciation chemistry will be further 
discussed in the following sections. 
Iron speciation is highly dependent on water quality conditions, specifically pH 
and ORP, as seen in Figure 2.5. Ferric species are often predominant in oxidizing 
environments while ferrous species predominate in reducing environment. 
Iron oxidation is often practiced by water utilities as a treatment strategy to 
control soluble iron in an attempt to meet the secondary maximum contaminant level of 
0.3 mg/L set by the EPA, which was established to minimize aesthetic problems such as 
discoloration of water, laundry, and plumbing fixtures, or taste problems. It must be 
noted that the iron oxidation in this context is most often referring to the oxidation of 
soluble ferrous iron species. In the context of this research, iron oxidation is referring to 
the oxidation of ZVI. Oxidants that have been used to precipitate iron include oxygen, 
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Figure 2.5 Predominance diagram for iron species in water at 25°C and 1 bar 
Stumm and Lee (1961) determined that the oxidation of soluble ferrous iron by 
dissolved oxygen was extremely dependent on solution pH, with up to a 100-fold 
increase in the reaction rate per unit increase in pH. Andersen et al. (1973) noted several 
successful iron removal practices in Nebraska that utilized aeration under neutral to 
alkaline pH conditions. One common characteristic to successful iron oxidation by 
aeration was that the cases contained minimal amounts of dissolved organic matter. 
Studies have shown that humic and tannic acids have the ability to complex iron and 
retard its oxidation (Hansen, 1970; Hem, 1960). Other experimental tests have indicated 
that uncomplexed Fe(II) was oxidized essentially instantaneously by the addition of 
potassium permanganate, chlorine dioxide, or ozone to solution. Free chlorine and 
hydrogen peroxide were also found to produce rapid rates of oxidation for uncomplexed 
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soluble ferrous iron. Again, the presence of significant concentrations of humic and fulvic 
acids resulted in iron complexes, which were very resistant to additions of large amounts 
of the oxidants previously mentioned. Also, as expected, oxidation was inhibited to a 
certain degree by a decrease in solution temperature. It was concluded that reaction rates 
were significantly affected by solution temperature, but temperatures as low as 2 to 4°C 
should not adversely effect operations at water treatment facilities if ample reaction times 
are available. (Knocke, et al. 1990). 
Iron oxidation occurs under anaerobic conditions according to equation [2.7] (Su 
and Puis 2001). This is supported by Manning et al (2002), who found that water 
molecules are the primary oxidant of the ZVI surface under anaerobic conditions, 
oxidizing the iron and reducing hydrogen, producing ferrous iron species, hydrogen gas, 
and hydroxide ions, which react with ferrous species to form ferrous hydroxides. The 
ferrous species may also be involved in further reactions to form ferric iron or iron 
oxyhydroxides. 
Fe°+ 2H20 ^Fe2++ H2 + 20H~ [2.7] 
The spontaneous chemical oxidation of ZVI in the presence of dissolved oxygen 
is a complex process involving a variety of metastable ferrous-ferric intermediate species, 
which are ultimately transformed into different stable iron oxides. Aerobic conditions 
also caused the oxidation of As(III) to As(V). This was concluded to be caused by the 
reduction of water and the release of hydroxides to solution on the surface of oxidized 
iron or possibly caused by maghemite and hematite minerals, indicating the formation of 
certain iron oxides during ZVI corrosion favor As(V) species. 
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Manning et al. (2002) found that this initial set of reactions is followed by an 
intermediate oxidation step taking place over the course of hours to days and resulting in 
Fe(II)/Fe(III) mixed phase reaction products, such as magnetite (Fe304), lepidocrocite (y-
FeOOH), and maghemite (y-Fe203). This time dependent process results in a gradient of 
magnetite to maghemite as you move away from the ZVI surface. Triszcz et al. found 
also noted that the stratified nature of the corrosion coating form on the metallic iron 
surface, depending on the reaction conditions, involves different stable and metastable 
phases of iron oxides. Triszcs et al. also notes that ferrous iron, which is the primary 
product of ZVI oxidation, may stay at the interface, where it may either form ferrous 
precipitates with carbonate or hydroxide ions, or oxidize further. It may also be 
transported away from the surface, where it is subject to homogeneous oxidation and 
precipitation of Fe(III). Melitas et al. (2002) showed the presence of elemental iron, 
magnetite, and mixed valent oxide phases in reacted iron filings. Gu, et al. (1999) found 
mackinawite, lepidocrocite, akaganeite, and magnetite/maghemite were the most 
abundant iron oxyhydroxide minerals identified by X-ray diffraction (XRD) analysis. 
2.4 Innovative ZVI Separation Processes 
2.4.1 Precoat Filtration 
Precoat filtration is a process significantly different than rapid or slow sand 
filtration (Crittenden, et al. 2005). The concept behind precoat filtration is that water 
containing foreign particles is forced through a uniform layer of filtering material that has 
been deposited, or precoated, on a septum, or permeable support for the media, with 
physical straining acting as the primary removal mechanism. The process was developed 
by the US Army during World War II as a portable, efficient filter used to remove 
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Entamoeba histolytica, a protozoan parasite prevalent in the Pacific war zone. It is used 
in the filtration of sugar syrups, fruit juices, wine, beer, and water (American Water 
Works Association 1995). 
Precoat filters are accepted by the EPA as a filtration technique for potable water 
treatment, but are not widely used in drinking water treatment. AWWA (1988) reported 
that roughly 170 precoat filtration facilities had been installed and operated since 1949. 
The use of precoat filtration has evolved primarily as a technology for small systems 
serving less than 10,000 people, but systems using precoat filtration do range in size from 
0.03 to 30 million gallons per day (mgd) (Larson 2011). With pore sizes much smaller 
than conventional filtration, precoat filters do have the capability of capturing particle 
sizes down to about 2 um. The filters are most effective when source water turbidity is 
moderate to low (10NTU or less), but, depending on the concentration and the physical 
characteristics of the solids to be removed, can economically handle source waters with 
higher turbidity. Discrete, nondeformable particle do not pose a problem for precoat 
Alteration, but issues such as clogging do arise with deformable particles, organic 
colloids, or fine clays, and algae, color, taste, or odor problems may require additional 
treatment (American Water Works Association 1995). 
Filter Media. The most common type of filter media is diatomaceous earth; thus, 
precoat filtration is often referred to as diatomaceous earth (DE) filtration. Diatomaceous 
earth, or diatomite, is the skeletal remains of single-celled plants, or microscopic algae, 
called diatoms. Diatoms had the capability of extracting silica from water to produce their 
skeletal structure, and upon dying, formed deposits that are now mined and processed to 
produce practically inert filter aid that has virtually no effect on the odor and taste of the 
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respective fluid (Manville 1989). Diatomite is a soft powdery mineral resembling chalk 
and is distinguished by a variety of sizes, creating a range of filter pore diameters, with 
mean particle sizes and pore diameters ranging from 14 to 55, and 3.5 to 17|j,m, 
respectively. Another media, used less often in precoat filtration, is perlite, which, 
derived from glassy volcanic rock and processed similarly to DE, is much lighter (32 to 
70%) than DE. Wet DE has a specific gravity of 2.3 (American Water Works Association 
1995). 
The selection of the type and size of filter media is based on a compromise 
between effluent clarity and flow rate, optimally being the media which provides the 
highest flow rate while maintaining an acceptable degree of clarity. Smaller diameter 
media will provide better finished water quality while reducing the flow rate, and vice 
versa for larger diameter media. It is also a general rule of thumb that the cake median 
pore diameter should be matched to the median particle size of the material being 
removed (American Water Works Association 1995). 
Filter Unit. The filter vessels can be designed as vaccum or pressure filters, with 
maximum terminal pressures in the pressure filters ranging from 30 to 40 pounds per 
square inch (psi). There are a variety of orientations and designs for the filters, ranging 
from vertical or horizontal tanks with stationary vertical, horizontal, or rotating leaves to 
tubular pressure filters to vacuum filters. Typical filtration rates of 1 gallon per minute 
per square foot (gpm/ft2) of filter area have been used for design, with filtration rates of 
up to 3gpm/ft2 used most frequently in full-scale equipment. 
Filtration Process. The precoat filtration cycle has three stages: precoat, 
filtration, and backwash (Crittenden, et al. 2005). In the initial stage, a precoat of filter 
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media is applied uniformly to the entire surface of a clean septum to create an initial filter 
surface with a thickness of 1/8 to 1/4 inch. The purpose of this process is to provide an 
initial filtering surface to trap particles when the filter begins the filtration cycle and to 
protect the septum from becoming plugged with the suspended solids in the source water, 
as well as facilitating cleaning of the septum at the end of the cycle. Because most filter 
aid particles are smaller than the openings in the septum, they must form the precoat by 
bridging these openings. This occurs due to a "crowding" effect by the precoat DE 
particles (Manville 1989). A precoat slurry concentration of greater than 0.3% by weight 
is necessary to create this effect, with maximum concentrations usually ranging between 
10 to 12% by weight. The total amount of precoat required to uniformly cover the entire 
surface with the aforementioned thickness is 0.15 to 0.2 lbs/ft of filter surface area. 
Precoat tanks should be sized to hold a 10 to 12% slurry as well as a volume equal to 
roughly 125% of the filter and associated precoat piping. This is to maintain a small 
volume in the precoat tank, giving it a rapid turnover rate. The precoat tank should be 
mixed with a slow-speed, large-bladed, propeller mixer at around 40 to 60rpm and 
pumped into the filter typically at a rate of 1 to 2 gpm/ft2 by a pump with rotational 
speeds of l,750rpm or less, so as not to harm the media (American Water Works 
Association 1995). The flow rate given should maintain a differential pressure in the filter 
of about 2psi and an upward velocity of at least 4.5 feet per minute for proper filter aid 
suspension. The precoat filtrate should clear up in 2 to 5 minutes but be continued until 
the liquid in the filter shell is relatively clear, which usually takes 10 to 15 minutes 
(Manville 1989). It must be noted that the bridges created by the precoat can be easily 
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upset by air bubbles, sudden changes in pressure, or vibrations, and care should be taken 
to minimize any of the above. 
The next stage is the filtration process itself, in which raw water is applied to the 
septum, and filtration occurs across the precoat layer. During this process, additional 
filter media (typically the same as the precoat media), called body-feed, is added to the 
influent water (Crittenden, et al. 2005). The body-feed is added to maintain cake 
permeability, continually create new filtration surfaces, and reduce clogging of the filter 
media. The amount of body-feed will be dependent on the nature and amount of solids in 
the source water and should be determined by pilot testing (Manville 1989). As a general 
rule of thumb, nondeformable solids require a body-feed of lmg/L DE per mg/L of 
suspended solids, while deformable solids may require up to lOmg/L or more of DE per 
mg/L of suspended solids. Body-feed can be administered by dry feeders or as slurries. 
The accuracy and continuity of body-feed rates are critical to operation. Similar to 
precoat, body-feed pumps are generally designed to handle slurries of less than 10-12 
percent, by weight, of DE, and should be mixed in the same fashion as the precoat slurry. 
Body-feed lines should pitch down from the pump discharge to the feed line and piping 
of more than 1 to 2 feet should be avoided (American Water Works Association 1995). 
The typical filtration rate ranges from about 0.5 to 2gpm/ft2, as discussed previously 
(Crittenden, et al. 2005). The filtration process itself should be continued until terminal 
pressure differentials of 30 to 40 psi are reached, upon which the cycle should be ended 
and the final stage of the process should begin. 
The final stage of the precoat filtration process is filter cake removal, which can 
be performed in a variety of ways. The most common types of removal are backwashing 
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or sluicing, where water is either passed through the septum in reverse or sprayed over 
the surface of the filter to slough off the cake, producing waste washwater that becomes 
part of a residual stream (Crittenden, et al. 2005). Other methods of filter cake removal 
include mechanical vibration or cleaning, or a combination of dry discharge and sluicing. 
It is extremely important that the removal is complete, otherwise the septa will bind and 
not function properly (American Water Works Association 1995). After backwash is 
complete, the entire cycle begins again. 
2.4.2 Magnetic Separation 
The concept of magnetic separation is one that has been touched upon in many 
areas of science and is applicable in a variety fields. This section will discuss magnetic 
separation techniques, their background, history, and principles. 
Background. The concept of magnetic separation originated in the metals 
industry to purify mineral streams using permanent magnets. It was introduced in the 19th 
century, where it was used to remove tramp iron and to concentrate iron ores (Allen 
1978). As depicted in Figure 2.6, industrialized magnetic separation designs began as 
rotating drums with stationary permanent magnets that attracted magnetic materials 
(Mags) out of a feed stream, leaving non-magnetic tailings (Tails) behind as part of a 
minerals beneficiation process. Magnetic fields on the surface of the drum and the field 
gradients they produced were on the order of 1 kOe and 0.1 kOe/cm, respectively. 
Although this was effective for dry minerals beneficiation, it was ineffective for wet 
beneficiation applications and was not applicable for particles much below 100 nm in 








Figure 2.6 Typical drum magnetic separator (Oberteuffer 1973) 
High-gradient magnetic separation (HGMS) is a technology that was developed 
with the potential of efficiently removing weakly paramagnetic particles with diameters 
as small as a few microns from wet or dry fluid streams at high flow rates. Prior to 
HGMS, magnetic methods had not been used for separation of weakly magnetic particles 
smaller than 150 nm (Oder 1976). The fundamental concept behind HGMS is to produce 
regions of highly non-uniform magnetic field intensity which result in a net magnetic 
force being exerted on small paramagnetic particles. The non-uniform field intensity is 
created by ferromagnetic material in a uniform background magnetic field. The magnetic 
force produced by the ferromagnetic material must be strong enough to overcome viscous 
and in some cases inertial and gravitational forces on the particles (Gooding, Sigmon and 
Monteith 1977). 
One example of a HGMS design, shown in Figure 2.7, consists of an austenitic 
stainless steel separation zone containing a highly porous matrix of noncorrosive 
filamentary ferromagnetic material, such as stacks of expanded ferritic stainless steel 
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screens or fibrous wool of the same material. This setup lies within a uniform background 
magnetic field produced by a solenoid. The matrix material is oriented transversely to the 
background magnetic field, which magnetically saturates the material, producing intense 
magnetic gradients within the unit (Parker 1981). 
The matrix material used in HGMS is often difficult to magnetize because of its 
size and shape effects, therefore large applied magnetic fields are required to achieve 
saturations (Oder 1976). Applied magnetic fields from 0.8 to 1.5 T are usually necessary, 
and are capable of producing field gradients on the order of 105 T/m in commercial 
devices using the kind of filter matrix seen in Figure 2.7 (Parker 1981). An applied 
magnetic field of this strength is also beneficial in polarizing weakly magnetic particles. 
High separation efficiency can be achieved even with very open and porous separator 
beds due to the strongly magnetic and large surface volume ratios of the matrix materials 
(Oder 1976). Another advantage to HGMS is that when the applied field is removed, the 
residual magnetization in the filaments is essentially zero. Even strongly magnetic 
particles trapped on the filter media by the high field gradients can easily be dislodged by 
backwashing when the applied field is reduced to zero. One of the most important 
features of the schematic in Figure 2.7 is that the coil windings are totally enclosed within 
an iron return circuit, which helps to minimize the drift of the magnetic field and in turn 






Figure 2.7 Schematic of a high-gradient separation system (Parker 1981) 
HGMS systems have been developed for both cyclical and continuous use. A 
typical cyclic HGMS system, shown in Figure 2.8, is designed so that the electromagnet 
can be turned off and the matrix flushed when the separator has reached saturation. The 
flushing process is very similar in concept to the backwashing of a filter, being performed 
when the ferromagnetic matrix material has been saturated with paramagnetic particles 
and particles begin to exceed acceptable levels in the effluent. This event is known as 
breakthrough in a filtration process. The cyclic system typically has a media porosity of 
around 95 % and an aerated flushing system. It is used in applications where the levels of 
magnetic contamination in the feed streams are modest and where the duty cycle can be 
correspondingly high (Parker 1981). In contrast, a continuous HGMS system, such as that 
seen in Figure 2.9, is used in both wet and dry mineral separation applications where the 
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Figure 2.8 Fluid flow in a cyclic HGMS system during a, the filtration and b, the washing 
sequences of the duty cycle (Parker 1981) 
History. Magnetic separation has been used primarily in the minerals processing 
industry since its development in the 1800's. The most widely used separators are the wet 
drum type shown in Figure 2.6, which will produce a product from magnetic taconite ore 
suitable for a subsequent pelletizing process. Processes began being studied in the 1930's 
that could separate non-ferromagnetic material streams that contained paramagnetic or 
weakly ferromagnetic components. These components were typically orders of 
magnitude smaller, and had magnetizations several orders less, than the components that 
could be separated by wet drum separators (Kelland 1973). 
High-gradient magnetic separation (HGMS) was first developed by Franz in 
1937, who utilized stainless steel screens to induce gradients for ceramic mineral 
separations with a background magnetic field strength of 0.15 T. The first wet magnetic 
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Figure 2.9 Continuous "carousel" HGMS system used in wet and dry mineral process by Sala 
Magnetics Inc. (Parker 1981) 
separator was developed in 1955 by Jones, who processed mineral slurries with fields of 
up to 1 T using grooved steel plates that resulted in relatively lower field gradients. Franz 
and Jones' designs were experimented with in the mid 1960's at J.M. Huber Corporation 
in Georgia for use in kaolin clay purification. Both HGMS techniques worked at 
removing small paramagnetic color-bodies in the kaolin clay streams but neither was 
economically feasible in full-scale scenarios. HGMS finally became commercially 
practical in 1967 when Iannicelli decided to use Jones' magnet and Franz's screens in his 
design, which increased efficiency and lowered operational cost (Gooding, Sigmon and 
Monteith 1977). 
In 1968, Dr. Henry Kolm at the Francis Bitter National Laboratory at MIT, and 
Magnetic Engineering Associates (MEA), worked on the problem of removing iron-
stained titanium dioxide form kaolin clay. The design by Kolm included a collection 
matrix of stainless steel wool that had a large surface-to-volume ratio, created large field 
gradients, and was extremely resistant to corrosion. In 1969, MEA constructed a 50-cm 
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iron-bound solenoid based on Kolm's design for J.M. Huber Corporation. With this 
solenoid, the first commercial clays were produced using a HGMS wet beneficiation 
process (Gooding, Sigmon and Monteith 1977). 
HGMS has been used in a variety of applications since it first became 
commercially viable. It has been utilized in the removal of iron pyrites from coal to 
achieve partial desulfurization, in ash removal from coal and cleaning of solvent refined 
and liquefied coals, and in removing fine suspended solids from steel-making plant 
wastewaters. HGMS has also been extremely successful in medical, pharmaceutical, and 
food-processing applications. It has also been experimented with in municipal wastewater 
treatment, where the waste stream is seeded with magnetic material and subsequently 
removed with a HGMS process (Gooding, Sigmon and Monteith 1977). 
Principles of HGMS. HGMS is feasible due to large field gradients produced by a 
ferromagnetic matrix within a large applied magnetic field. The field gradients interact 
with paramagnetic particles to produce a magnetic force on the particle. In a non-uniform 
magnetic field, a paramagnetic material will experience a force in the direction of an 
increasing field, which in the case of HGMS, is towards the ferromagnetic matrix 
material (Grant and Phillips 1975). The magnetic force on a paramagnetic particle due to 
a magnetic field gradient is defined by equation [2.8], 
Fm = \i0WpVH [2.8] 
where u0 is the permeability constant, or the magnetic permeability of free space, M is 
the magnetization of the particle, Vp is the volume of the particle, and VH is the magnetic 
field gradient (Kelland 1973). 
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The magnetization of a material is dependent on the bulk susceptibility of a 
material, and is different for ferromagnetic, paramagnetic, and diamagnetic materials. 
Diamagnetic materials have small, negative susceptibilities on the order of -10"5, and 
include copper, silver, gold, and bismuth. Paramagnetic materials have small, positive 
susceptibilities on the order of 10"3 to 10"5, and include aluminum, platinum, and 
manganese. Ferromagnetic materials have large, positive susceptibilities typically ranging 
from 50 to 10,000 and include iron, cobalt, nickel and several rare earth metals and their 
alloys. At constant temperature and for relatively low magnetic field values, the magnetic 
susceptibilities of paramagnets and diamagnets are constant, providing the relationship 
shown in equation [2.9], 
M=XBH [2.9] 
where XB is the magnetic susceptibility of the particle and H is the applied magnetic field 
strength. The magnetization defined by equation (4) is applicable to isotropic, 
homogeneous, non-ferromagnetic materials. The magnetic susceptibility of the material 
may vary with temperature, but at constant temperature, the relationship between 
magnetization and the magnetic field is linear (Grant and Phillips 1975). Also, 
paramagnetic materials do not retain any magnetization in the absence of an externally 
applied magnetic field. Magnetic susceptibility values are not constant for ferromagnetic 
materials, as they are strongly affected by the prevailing magnetic field and the previous 
history of the magnetic material (Jiles 1991). Ferromagnetic materials also tend to retain 
some magnetization in the absence of an external applied magnetic field. 
The magnetic field in an HGMS system is most commonly produced by a 
solenoid. In this case the magnetic field is produced by an electrical charge in motion due 
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to an electrical current flowing in a conductor. A magnetic field can also be produced by 
a permanent magnet, where there is no conventional current, but there are orbital motions 
and spins of electrons (Jiles 1991). The strength of a magnetic field due to a solenoid is 
defined in equation (5). It must be noted that this equation assumes one long, thin 
solenoid (Knight 2004). 
H = Ni/L [2.10] 
where N is the number of turns, i is the current, and L is the length of the solenoid. In 
order to produce greater field strengths it becomes more effective to increase the number 
of turns per unit length than it does to increase the current. The reason for this is that the 
Joule heating in the wire is proportional to i2 whereas the field is proportional to i. 
Solenoids for HGMS are therefore wound with several layers, changing the geometry, 
and no longer rendering them "thin." 
In a HGMS fluid stream, the magnetic force is not the only force acting on a 
paramagnetic particle. The particles would also experience hydrodynamic drag forces as 
well as gravitational forces. The hydrodynamic drag force depends on the first power of 
the particle radius and will therefore be the most significant for very small particles 
(Petrakis and Ahner 1978). There are also other physical phenomena responsible for the 
transport of particles from the fluid stream to the surface of a collector and for holding 
them there. These include inertial impaction, interception, Brownian motion, and 
electrostatic attraction. There are several assumptions that are made in HGMS theory. 
These are that the particles are spherical, uniformly distributed in the fluid stream, and 
moving at the same velocity as the fluid upstream of the collector. When stainless steel 
wool is used as a matrix, calculations also assume a single clean fibre of cylindrical 
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geometry whose axis is oriented perpendicular to fluid flow (Gooding, Sigmon and 
Monteith 1977). 
After analyzing the principles and theory behind HGMS, it is evident that there 
are several variables that drive the efficiency of an HGMS system. These include the 
strength and uniformity of the applied magnetic field, the nature and geometry of the 
matrix, the solids concentration and matrix loading, the velocity of the feed passing 
through the matrix, the magnetic and physical properties of its components, and the 
relative orientation of the applied field compared to the flow and the matrix (Oberteuffer 
1973). These factors are significant in the effectiveness of an HGMS design and 
performance, and should be taken into consideration (Allen 1978). 
53 
CHAPTER 3 
METHODS AND MATERIALS 
The following sections describe the methods and materials used to perform the 
objectives outlined in Section 1.2. The sections include the experimental design, setup, 
and procedure for all experiments performed to accomplish those objectives. The 
experiments included bench-scale studies assessing arsenic adsorption capabilities of a 
mining byproduct material, minimizing iron dissolution from a ZVI system by enhancing 
water quality conditions, analyzing factors impacting arsenic adsorption kinetics by ZVI, 
and evaluating innovative techniques to remove ZVI from a fluid stream. The chapter 
concludes with analytical techniques and quality assurance and quality control (QA/QC) 
measures. 
3.1 Assessing the Arsenic Adsorption Potential of a Magnetite-Based Byproduct 
Material 
The following sections provide a description of the methods and materials used to 
quantify the arsenic adsorption potential for a possible new arsenic adsorbent. The 
background information for the new material is described first, followed by the 
experimental design. The setup and procedures for all relevant experiments and studies 
conclude this section. The magnetite material used in the experiment required preliminary 
assessment as well as preparation prior to being used. This included sieving and 
magnetically separating the material, along with regenerating the adsorptive capacity of 
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the material. A description of these preliminary assessments and preparations is presented 
prior to the arsenic adsorption experiment itself, which concludes the section. The 
analytical techniques and QA/QC procedures are described in Sections 3.6 and 3.7, 
respectively. 
3.1.1 Background 
The material analyzed in this study was provided by Unimin Canada LTD., a 
sector of Unimin Corporation located in Havelock, Ontario. The company was interested 
in having the NE-WTTAC at UNH test the applicability of using the material for arsenic 
adsorption. Mark Oskam, an employee in Unimin's office in New Canaan, CT, was the 
primary contact. Two large samples of the material were sent to UNH for testing. The 
raw material and the sample container it was delivered in are shown in Figure 3.1. 
Founded in 1970, Unimin Corporation has grown from a small glass sand mining 
company to become one of the world's leading industrial mineral producers. They 
provide products that are the essential raw materials utilized in nearly every 
manufacturing process. Unimin is a worldwide supplier to the glass, fiberglass, ceramic, 
semiconductor, quartz lighting, paint and coatings, fiberoptics, foundry and oil and gas 
industries. They also play a major role in the plastics, rubber, paper and paperboard, 
refractory, metallurgical and construction industries. The products they provide include 
silica sand, nepheline syenite, feldspar, bentonite clay, and talc, along with several others 
(Unimin Corporation n.d.). 
The material, shown in Figure 3.1, is a byproduct in the production of nepheline 
syenite. Nepheline syenite is used in glass and ceramics to provide alkalis that act as a 
flux to lower the melting temperature of a glass or ceramic mixture, prompting faster 
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melting and fuel savings. In glass, it also supplies alumina, which gives increased 
resistance to scratching and breaking, improved thermal endurance, and increased 
chemical durability. Canada and Norway produce nepheline syenite for glass and ceramic 
use. Unimin Canada, Ltd. operates two plants at its Blue Mountain deposit in Ontario, 
Canada, about 175 kilometers northeast of Toronto. Output from these two plants was 
roughly 617,000 tons in 1998 (Potter 2000). The nepheline byproduct disposal processes 
take place at the Nephton site in Ontario, Canada. 
Figure 3.1 Sample container and magnetite mining-byproduct material from Unimin Canada Ltd. 
Current disposal of the byproduct includes slurrying and pumping to a tailings 
pond, where it de-waters with other mineral impurities and fine particles from the 
nepheline production process. No chemicals are added in the beneficiation process. The 
beneficiation stream can be separated, if necessary, to create a product in the form seen in 
Figure 3.1. It is beneficiated through the use of magnetic separation at the particle size 
that was used in this study (Oskam 2010). The material was described as magnetite 
(Fe304) by Mark Oskam along with "magnetite" being written on the sample container, 
56 
but after visual inspection upon arrival, it appeared the material was a mixture of multiple 
substances. 
3.1.2 Experimental Design 
The arsenic adsorption experiment was a preliminary assessment of the arsenic 
adsorption capabilities of the byproduct material. The experiment attempted to determine 
the influence of magnetite content and adsorption site regeneration on the arsenic 
adsorption capabilities of the material. The experimental design was a 22 factorial 
experiment without replication for a total of four runs, shown in Table 3.1. The settings 
for magnetite content were "high" and "low" and are described as the "separated" and 
"original" materials, respectively. The settings for adsorption site regeneration were 
"high" and "low" and described as the material that was "regenerated" and the material 
that was "not regenerated," respectively. 












Adsorption Site Regeneration, 
Setting 
"Not Regenerated", Low 
"Regenerated", High 
"Not Regenerated", Low 
"Regenerated", High 
Due to the factors used in the experimental design, the material needed some 
preliminary characterization as well as preparation before the arsenic adsorption 
experiment. A sieve analysis was performed to characterize the material based on a 
particle size distribution. Since the material from the first sieve analysis was not saved, a 
second sieve analysis was performed to separate and save the material based on nominal 
particle size. 
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As previously discussed, it was hypothesized that the material was not purely 
magnetite, but rather a mixture of magnetite and other unknown minerals due to the 
observation that the material was not uniform. In order to extract the magnetite from the 
mixture and achieve a material with "high" magnetite content, magnetite's magnetic 
properties were utilized. The magnetite and any other magnetically susceptible materials 
were separated using a permanent magnet. The material prior to magnetic separation will 
be referred to as the "original" material, or the "low" magnetite-content material, and the 
magnetically-separated material will be referred to as the "separated" material, or the 
"high" magnetite-content material. 
It was also decided that a regeneration step should be included in the experiment. 
Since the material was sent to the NE-WTTAC from Unimin Corporation with little 
detail as to its history, the exhaustion of the sorption sites of the material was unknown. 
In order to regenerate the sorption sites for anionic sorption capacity, the material needed 
to be stirred in a solution at a pH above its point-of-zero charge (PZC). The PZC of 
magnetite is at a pH of 7.9+0.1 (Tombacz, et al. 2006). Both the "original" and 
"separated" materials were regenerated. The materials that were regenerated were 
considered to be materials with "high" adsorption site regeneration, and materials that 
were not regenerated were considered to be those with "low" adsorption site 
regeneration. It must be noted that the material regeneration was a factor that was not 
quantifiable. The designation of regenerated material simply qualified whether or not the 
material had been through the regeneration process previously described. 
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3.1.3 Experimental Setup and Procedure 
The following sections describe the experimental setup and procedures for the 
experiments involving the magnetite-based mining byproduct material, including the 
sieve analysis, magnetic separation, material regeneration, and arsenic adsorption 
experiments. 
Sieve Analysis. The sieve analyses were performed on representative samples of 
the "original" material that were allowed to dry in the 100°C oven in Gregg Hall room 
347 for 24 hours. U.S. standard sieve sizes of 30, 40, 50, 60, 80, 100, 140, and 200 were 
used to analyze the material. Each sieve was massed, recorded, and stacked from largest 
numerical (smallest nominal opening) sieve size on the bottom to smallest numerical 
(largest nominal opening) sieve size on top. The sieve analysis was run in two parts due 
to the number of sieves and the size of the shaker. The first set of sieves included the 30, 
40, 50, and 60 sieves along with a bottom pan. The second set of sieves included the 80, 
100, 140, and 200 sieves along with a separate bottom pan. 
The total mass of the dry sample was recorded and put into the top of the first set 
of sieves. The cover was placed on the sieves and they were put into the shaker and 
allowed to shake for 10 minutes. The sieves were removed and each was massed and 
recorded. The material remaining in the bottom pan was then placed into the top of the 
second set of sieves. The cover was placed on them and they were put into the shaker and 
allowed to shake for 10 minutes. The sieves were removed along with the bottom pan and 
each was massed and recorded. 
A second round of sieving was performed in order to separate the material by 
size. The same procedure was performed as in the first sieve analysis, but after the first 
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set of sieves was shaken and massed, the material from those sieves was stored in a 
container and appropriately labeled. The material remaining in the bottom pan from the 
first set of sieves was put into the second round of sieves and after being shaken, massed, 
and recorded, was stored in a second container and appropriately labeled. 
The total mass of sample sieved in the first analysis was 312 grams. The results 
are shown in Appendix B. The d6o and din were found to be 0.27mm and 0.093mm, 
respectively. The effective size and the uniformity coefficient of the material were 
calculated as 0.093mm and 2.90, respectively. Equations 4.1 and 4.2 show the 
calculations for the effective size and uniformity coefficient of a material, respectively. 
Effective size (ES) = dio [4.1] 
Uniformity coefficient (U) = d6o/dio [4.2] 
The total mass of sample sieved in the second analysis was 403 grams. The results 
and the particle distribution are shown in Appendix B. The d6o and din were found to be 
0.25mm and 0.087mm, respectively. The effective size and the uniformity coefficient of 
the material were calculated as 0.087mm and 2.87, respectively. The material retained on 
sieves 30, 40, 50, and 60 were separated and stored in a labeled glass container. The 
material retained on sieves 80, 100, 140, 200, and the pan were also separated and stored 
in another glass container. 
Magnetite Separation. The process of separating the magnetite from the bulk 
material was performed by first spreading the "original", or bulk material out on a piece 
of white paper. The magnet, seen in Figure 3.2, was covered by another piece of paper to 
act as a barrier between the material and the actual magnet. The magnet was lowered over 
the bulk material and attracted the magnetically susceptible material due to the force from 
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the magnetic field gradient. The "separated" material was removed from the magnet by 
pulling the piece of paper covering the magnet away from the magnet's surface, allowing 
the "separated" material to fall onto another piece of white paper. The steps to the 
magnetic separation can be seen in Figure 3.3. The "separated" material and the 
remaining material were each stored in separate containers and labeled appropriately for 
further use. The "original", "separated", and remaining materials are depicted as A, B, 
and C, respectively, in Figure 3.4. 
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Figure 3.2 Magnet used for magnetic separation 
Material Regeneration. The material regeneration was performed in the 
temperature control room in the laboratory in Gregg Hall room 347. The regeneration 
process was performed on representative samples of each material in 500 mL of distilled 
(DI) water. The titration was performed with 0.1N sodium hydroxide (NaOH) solution. 
The titration and data acquisition systems were not in operation at the time of the 
experiment, so pH was controlled through manual titration and data was recorded 
manually. The pH probe used was an Accumet cat. # 13-620-299 and the meter was a 
Consort R305 unit, observed in Figure 3.5. 
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Figure 3.3 The process (A-D) of magnetically separating the magnetite from the original matenal 
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Figure 3.4 The "original" (A), "separated" (B), and remaining material (C), after separation 
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The "original" and "separated" materials were massed, recorded, and placed in 
the 100°C oven to dry for 24 hours. A 1,000 mL Kimax glass beaker was filled with 500 
mL of distilled (DI) water and set up with a stirring rod and pH meter that allowed for 
constant rapid mixing and pH analysis. The pH was adjusted to 10.75 through the 
addition of NaOH. The sample was added at this time and stirred in the solution for one 
hour, while continually adding NaOH to keep the pH above 10. The solution was 
decanted into another beaker and neutralized to a pH between 4 and 10 and poured down 
the drain. The decanted material remaining in the beaker was labeled and placed back in 
the 100°C oven to dry. The regeneration process was performed on both the "original" 
and "separated" material. 
Figure 3.5 Consort R305 system used to monitor pH during matenal regeneration 
The mass of the "original" and "separated" materials regenerated were 89.86 and 
65.60g, respectively. The pH readings recorded during the regeneration processes can be 
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found in Appendix B, and are shown in Figure 3.6. The total volume of NaOH added 
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Figure 3.6 pH conditions recorded during the material regeneration. 
Arsenic Adsorption Experiment. The setup used in this experiment was designed 
to imitate a preliminary assessment of adsorbents experiment by Hadnagy (2004). The 
experimental conditions specifically mimic those used in the assessment of magnetite's 
adsorption capacities in that study. The runs were performed in the temperature control 
room at 20°C in the laboratory in Gregg Hall room 347. The experiments were run at a 
total volume of 500 mL using DI water, with initial arsenic and magnetite concentrations 
of 300 ug/L and 250 mg/L, respectively. The reaction time was 3 hours at a pH of 5, an 
alkalinity of 50 mg/L as CaC03, and an ionic strength of 0.01M. The ph was adjusted 
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using IN hydrochloric acid (HCl) and O.IN NaOH and controlled and monitored using 
the Consort R305 system and Labview software. Alkalinity and ionic strength were 
adjusted using sodium bicarbonate (NaHCOs) and sodium chloride (NaCl), respectively. 
In a 500 mL volumetric flask, 278 mg of NaCl, 42 mg of NaHC03, and 150 uL of 
1,000 mg/L As(V) standard were added. The flask was then filled to 500 mL using DI 
water. The pH probe and oxidation-reduction potential (ORP) probe were then calibrated 
and monitored using the Consort R305 system. The experimental setup is shown in 
Figure 3.7. The magnetite sample was added once the pH was within the acceptable range 
of 5+0.1 pH units. 
An initial sample of 50 mL was taken one minute after the magnetite was added. 
It was filtered through a 0.22 um filter into the sample bottles prepared by Eastern 
Analytical, Inc (EAI). The sample bottles were prepared with a small amount of nitric 
acid (HNO3) for the preservation of dissolved metals. The sample bottle was labeled and 
refrigerated. The rest of the experimental volume was stirred continuously for 3 hours. 
The sampling technique was repeated for the final sample, taken 3 hours after the 
addition of the magnetite material. The experimental technique was repeated for all 4 
experimental runs. 
The arsenic used in the experiment was ordered from Fisher Scientific. It was a 
125 mL volume SPEX CertiPrep calibration standard solution of 1,000 mg/L Arsenic+5 
(Cat # SPEC-AS5 and Lot # 15-166AS5). The NaCl was obtained from the UNH 
Chemical Stockroom and was a 500g container of Fisher Scientific Certified ACS 
Crystalline Sodium Chloride (CAS 7647-14-5, Lot # 107172, and Cat # S271-500). The 
NaHC03 was also obtained from the UNH Chemical Stockroom and was a 500g 
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container of EMD GR ACS Powder Sodium Bicarbonate (Lot 49203936 and Cat # 
SX0320-1). The filters used were ordered from Fisher Scientific and were Millipore 
Durapore Membrane Filter Type 0.22 jam GVHP (Cat # GVHP02500 and Lot # 
R1AA38553). The NaOH used was obtained from the UNH Chemical Stockroom and is 
a 500g container of EMD GR ACS Pellets of Sodium Hydroxide (Lot B0414769 and Cat 
# SX0590-1). The iron used for QA/QC was ordered through Fisher Scientific and is a 
100 mL bottle of RICCA Chemical Company 1,000 ppm Iron ICP Standard (Cat. No. 
PFE1KN-100). The HCl was obtained from the UNH Chemical Stockroom and was EM 
Hydrochloric Acid, GR (CAS 7647-10-0, Lot K25695503 838, and Cat # HX0603-3). 
Figure 3.7 Experimental setup for arsenic adsorption experiment with magnetite-based 
mining byproduct material 
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3.2 Optimizing Water Quality Conditions to Minimize Iron Dissolution from ZVI 
One of the major concerns from past bench-scale and pilot-scale work at UNH 
involving arsenic adsorption treatment using ZVI has been the dissolution of iron within 
the treatment system. Concentrations have often exceeded the EPA's secondary standard 
for dissolved iron of 0.3 mg/L (Pepler 2009). In order to alleviate the concerns of 
dissolved iron, a bench scale study was performed to analyze the impact of ORP and pH 
on iron dissolution. The following sections include the experimental design, setup, and 
procedure for the factorial experiment as well as subsequent trials. The analytical 
techniques and QA/QC procedures are described in Sections 3.6 and 3.7, respectively. 
3.2.1 Experimental Design 
The experimental design for the bench scale study was a 5121 factorial experiment 
with replication, for a total of 4 runs and 20 sampling events. The experimental design 
without replication is shown in Table 3.2. The variables considered were pH and ORP. 
The values for pH ranged from 6 to 8 in 0.5 pH unit increments, and the settings for ORP 
were categorized as "high" or "low". The ORP settings of "high" and "low" were 
achieved by adding bleach, or sodium hypochlorite (NaOCl), and bubbling air, 
respectively. The oxidants for these respective settings were hypochlorous acid (HOCl) 
and dissolved oxygen (DO). 
The range for pH was chosen as it was considered to be realistic range for natural 
source waters. The ORP settings were chosen due to their use in previous studies at UNH 
by Le Roux (2005) and Pepler (2009). The response variable was dissolved iron 
concentration. Three subsequent runs were also performed following the initial factorial 
experiment described above. The "NaOCl Check" run was performed in order to 
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determine the reason for the rapid decrease in ORP seen in the "high" ORP trials in the 
factorial experiment. The "NaOCl Optimization" run was performed in an attempt to 
optimize the NaOCl dose to maintain stable, elevated ORP conditions throughout the 
experiment. Finally, a "Flow Rate Check" run was performed to determine if the rate of 
air introduced into the solution had an effect on dissolved iron concentrations. 




















3.2.2 Experimental Setup 
The experiment was performed in a temperature controlled room at 20°C in the 
laboratory in Gregg Hall room 347. The experimental setup is shown in Figure 3.8. The 
trials were performed with a total reaction volume of 3L in a 3 gallon glass reaction 
vessel. The solution had an initial ZVI concentration of 200 mg/L, and background ionic 
strength and alkalinity of 0.005M and 25 mg/L as CaC03, respectively. The solution was 
constantly stirred with a Teflon stirrer attached to a Talboys Engineering Corp. T-Line 
Laboratory Stirrer, Model 101, with a 1/75 horsepower (HP) motor that had a range of 
500 to 7,500 revolutions per minute (rpm), and monitored for ORP and pH using the 
Consort R305 data logger and Lab View computer software. The pH and ORP probes 
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used in the study included an Accumet 13-620-299 and an Orion 9678BN, respectively. 
The solution pH was controlled by the Consort R305 pH stat with stock solutions of IN 
HCl and O.IN NaOH The ORP settings were achieved by bubbling air throughout the 
experiment or through the addition of NaOCl The air was fed from the lab compressed 
air system through a V" ID Norprene tube and a fritted glass coarse diffuser, and gauged 
by a Key Instruments, 1 to 10 liter per minute (Lpm) flowmeter The NaOCl solution had 
a concentration of 6%, or 6 g of NaOCl per 100 mL The same experimental setup was 
used for the three trials that extended beyond the factorial experiment, as described in 
Section 3 2.1 
Figure 3.8 Expenmental setup for a D O run in the iron dissolution expenment 
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3.2.3 Experimental Procedure 
Preparation for the experimental trials included the addition of 876.6mg of NaCl 
for a background ionic strength of 0.005M, 103.3mg of NaHC03 for a background 
alkalinity of 50 mg/L of CaC03, 600mg of ZVI, and a total experimental volume of 3L 
using reverse osmosis (RO) water. The "high" ORP trials also included the addition of 
5mL of 6% NaOCl solution for a concentration of lOOmg/L NaOCl. Adequate dosing 
was determined by varying the NaOCl dose concentrations while maintaining ionic 
strengths by adjusting NaCl concentrations (Pepler 2009). It was determined that 
lOOmg/L NaOCl, or 1.4 mL of 5% NaOCl solution, was adequate for Pepler's (2009) 
bench scale study because ORP conditions stabilized and remained stable for about 12 
hours.The "low" ORP trials included the bubbling of air at a rate of lOLpm. The ZVI 
used in the experiment was -40 mesh (420um) fine, degreased, iron metal filings from 
Fisher Scientific (Cat. No. S93268), purchased in quantities of 500g. The ZVI used in the 
experiment was the same as that used by Pepler (2009) so that results could be compared 
to results from previous studies. 
In order to maintain consistent ORP values in the batch reactor, a stabilization 
period was required. Le Roux (2005) determined that overnight bubbling for 15 hours 
when using oxygen (O2) or nitrogen (N2) gas was sufficient to stabilize ORP conditions. 
A stabilization period of 15 hours was also used by Pepler (2009) in his research, which 
included the use of air, as is being used in this experiment. Pepler (2009) also used 
NaOCl as an oxidant to reach higher ORP values and expand the range that could be 
achieved with air or O2. A period of two hours was determined to be sufficient to allow 
ORP to adequately initially stabilize after the addition of NaOCl (Pepler 2009). 
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Prior to the solutions being made, the experimental setup was prepared for each 
trial. The pH and ORP probes were calibrated and all glassware and materials were 
cleaned as necessary. The solution was then prepared with the above concentrations. The 
experimental setup was then prepared as seen in Figure 3.8, began being stirred and 
bubbled as necessary, and allowed to run for the appropriate pretreatment or stabilization 
periods. After the stabilization period was over, dissolved iron samples were taken at pH 
intervals of 0.5 pH units beginning with a pH of 8 and ending at a pH of 6. The solution 
pH was controlled with the Consort R305, which was set to the desired pH + 0.05 pH 
units. Once the solution pH was within 0-05 units, the solution was allowed to stabilize 
for 10 minutes. A 30mL sample was then taken with a 60mL plastic syringe from the 
central region of the reaction volume and filtered through a 0.22(a.m filter into a sample 
bottle prepared with nitric acid by Eastern Analytical, Inc. Samples were labeled and 
stored in the laboratory fridge, chain-of-custody forms were filled out, and samples were 
picked up the following day for analysis. 
The experimental procedures were the same except for the following differences. 
The difference for the "NaOCl Check" run was that ZVI was not added to the solution 
and no samples were taken to be analyzed for dissolved iron concentrations. Monitoring 
of the pH and ORP was the primary concern in this run. The only difference in the 
"NaOCl Optimization" run, unlike the "NaOCl Check" run, was that the NaOCl dose was 
increased to 20mL of 6% NaOCl. Samples for dissolved iron analysis were again taken 
throughout the "NaOCl Optimization" run. The only difference in the "Flow Rate Check" 
run was that the air flow rate was reduced from 10 to 3Lpm. 
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3.3 Evaluating Arsenic Adsorption Kinetics 
Past research at UNH examined the kinetics of arsenic adsorption using ZVI 
under oxidizing and reducing conditions using O2 and N2, respectively (Hadnagy 2004, 
Le Roux 2005), but evaluation of kinetics at elevated ORP conditions such as those 
achieved through the addition of NaOCl, as well as those using air, had not been studied. 
The initial purpose of the arsenic adsorption kinetic study was to determine the kinetics 
of the system under various ORP conditions. The study evolved to include the impact of 
ZVI pretreatment time and competitive ions on the adsorption kinetics. The effect of 
bubbling air into the system was also examined due to an interest in whether bubbling air 
while mixing actually enhanced kinetics versus the scenario of solely mixing the solution. 
The following sections will describe the experimental design, setup, and procedure used 
in the arsenic adsorption kinetic studies. 
3.3.1 Experimental Design 
The experimental design for the initial arsenic adsorption kinetic study, observed 
in Table 3.3, was a simple 21 factorial experiment with replication, analyzing the impact 
of ORP conditions on arsenic adsorption kinetics. The ORP settings were "high" and 
"low." The "high" setting was achieved through the addition of NaOCl, and the "low" 
setting was achieved by bubbling diffused air into the system. The oxidants in the 
respective settings were HOCl and DO. The system was stirred in both of these 
conditions. 
The first addition to the experimental design was to determine if bubbling air in 
the "low" ORP setting improved reaction kinetics compared to only stirring the solution. 
This was achieved by simply removing the coarse diffuser from the system in the "low" 
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oxidant runs, leaving all other conditions the same. This experiment was also a simple 2 
factorial experiment with replication, in which bubbling air was the variable. For the 
"high" and "low" setting, diffused air was either bubbled or not bubbled, respectively. 
The next addition to the design was to determine if a change in the pretreatment 
time of ZVI had an effect on the arsenic adsorption kinetics. This experiment was a 31 
factorial experiment without replication, in which pretreatment time was the variable. 
The pretreatment time settings were "high", "medium", and "low", achieved by treating 
the ZVI for 15, 8, or 2 hours, respectively, prior to the arsenic adsorption reaction. This 
addition to the experimental design was only performed for the "low" ORP setting, which 
was achieved by bubbling diffused air into the system as described above. 
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The final addition to the experimental design was to determine if fluoride, a 
possible competitive anion, had an effect on adsorption kinetics (Hadnagy 2004). The 
experiment was a 31 factorial experiment without replication, in which fluoride 
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concentration was the variable. The settings for fluoride concentration were "high", 
"medium", and "low", corresponding to initial fluoride concentrations of 10, 2, and 
Omg/L. These concentrations were chosen based on realistic values per recommendations 
from Dr. M. Robin Collins. This addition to the experiment was only performed for the 
"low" ORP setting, where diffused air was bubbled into the system, and the "high" ZVI 
pretreatment time setting of 15 hours. The final experimental design resulted in 4 separate 
experiments with a total of 10 experimental runs, shown in Table 3.3. 
3.3.2 Experimental Setup 
The arsenic adsorption kinetic experiments were all performed in the temperature 
control room in the laboratory in Gregg Hall room 347. The experimental setup is shown 
in Figure 3.9. All runs were performed in a 3 gallon, glass reaction vessel at 20°C + 1, 
with total volumes of 3L and background ionic strengths and alkalinities of 0.005M and 
50 mg/L as CaC03, respectively. Laboratory grade (RO) water was used in the 
experiment and ionic strength and alkalinity conditions were achieved through the 
addition of 876.6mg (292.2 mg/L) NaCl and 103.3mg (34.42 mg/L) NaHC03, 
respectively. Initial ZVI and arsenic concentrations were 200mg/L and 2mg/L, 
respectively, and were achieved through the addition of 600mg ZVI and 6mL of 
l,000mg/L As(V) stock solution. The pH and ORP conditions were monitored and data 
was collected with the Consort R305 system and Labview software, respectively. 
In order to achieve the "high" ORP setting, 20mL of 6% NaOCl solution was 
added to the 3L reaction volume. In order to achieve the "low" ORP setting, air was 
bubbled through a glass, coarse fritted diffuser at 300 standard cubic centimeters per 
minute (seem) by a Tetra Whisper 60 Air Pump and gauged by a Matheson U201, 0 to 
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500sccm air flowmeter. Fluoride concentrations were achieved through the addition of 
sodium fluoride (NaF). The sodium fluoride was from Sigma-Aldrich and was sodium 
fluoride (99+ %) A.C.S. Reagent (Cat # 201154-500G, Batch # 09004TB, CAS 7681-49-
4). All other chemicals, materials, and equipment used in the experiments were the same 
as those used in previous experiments, as described specifically in Section 0 
Figure 3.9 Expenmental setup for a D.O. run m arsenic adsorption kinetic study 
3.3.3 Experimental Procedure 
The procedure for the initial arsenic adsorption kinetic experiment is as follows. 
The pH and ORP probes were prepared and calibrated and all glassware and materials 
were cleaned as necessary. The reaction vessel was filled with 2L of RO water using a 1L 
volumetric flask. The NaCl and NaHC03 were massed and added to the volumetric flask, 
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which was filled to 1L with RO water, and added to the reaction vessel for a total volume 
of 3L. The experimental setup was then prepared as seen in Figure 3.9. The pH and ORP 
probes were introduced into the solution, which was stirred continuously at the lowest 
setting on the mixer, and bubbled as necessary, depending on the ORP setting. The mixer 
did not have quantifiable settings. Meanwhile, pH and ORP data began to be collected by 
the Lab View software. The ZVI was then massed and added to the solution, which was 
allowed to run for the appropriate pretreatment, or stabilization, period. The pretreatment 
periods are shown in Table 3.3. After the pretreatment period was over, solution pH was 
controlled with the Consort R305, which was set to a pH of 7.1 +0.1 pH units. Once the 
pH was within the range, the solution was allowed to stabilize for 10 minutes. The 
arsenic was then dosed into the solution by pipetting 6mL of the arsenic stock solution 
standard into a graduated cylinder and adding it to the solution. The addition of arsenic 
signified the beginning of the arsenic adsorption reaction. 
The procedural differences for the subsequent arsenic adsorption kinetic 
experiments are as follows. For the diffused air check experiment, the fritted glass, coarse 
diffuser was removed and no air was bubbled for the runs using the "low" diffused air 
setting. The solution was still stirred for these runs. For the ZVI pretreatment time 
experiment, the ZVI was pretreated for 15, 8, or 2 hours for the "high", "medium", and 
"low" pretreatment settings, respectively, before arsenic was introduced. 
The procedure for the fluoride competition experiment was the same as the initial 
experiment under the "low" ORP setting, but fluoride was added at the same time as the 
arsenic to begin the adsorption reaction. In order to accomplish this, the initial, pretreated 
ZVI volume was reduced to 2.5L in the reaction vessel. This allowed for a solution of 
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fluoride and arsenic to be made in a 500mL volumetric flask and dosed into the reaction 
vessel after the 15 hour pretreatment time. Fluoride concentrations of 2 and 10 mg/L 
were achieved through the addition of 13.4 and 66.3mg of NaF, respectively. These 
masses, along with the 6mL of arsenic standard, were added to a 500mL volumetric flask, 
filled with RO water, mixed, and added to the solution after the pretreatment time was 
over. A stock solution of fluoride was not prepared due to the limited number of runs but 
may want to be considered in future experiments where more runs are necessary. 
3.3.4 Sampling and Monitoring 
The sampling regime included dissolved iron and arsenic samples being taken at 
5, 15, 30, 50, 90, and 180 minutes after arsenic addition. Past studies found that 
equilibrium in the adsorption reaction was achieved in less than 3 hours (Hadnagy 2004, 
Le Roux 2005). Total sampling volume was to be held to under 10% of the total reaction 
volume, and therefore only 6 initial samples were recommended. After results from the 
first two runs of the "initial" adsorption experiment, it was decided that for all subsequent 
experimental runs, another sample was to be taken 300 minutes after arsenic addition in 
order to extend the kinetic results further. For each sampling event, a sample of about 
30mL was taken with a 60 mL syringe from the central region of the reaction volume and 
filtered through a 0.22 um filter into a sample bottle prepared with nitric acid by EAI. 
The same sampling procedure was used for the "diffused air check" experiment as 
well as the "ZVI pretreatment time" experiment. Sampling for the "fluoride competition" 
experiment was different due to the addition of fluoride samples, which were separate 
from the dissolved metal samples, and together required a larger sample volume for each 
sampling event. For this experiment, samples were taken at 5, 30, 90, 180, and 300 
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minutes after addition of arsenic and fluoride. Each sampling event required 2 samples of 
40mL each, from which 25mL was added to the fluoride sample bottle and 15mL to the 
dissolved metals sample bottle. Samples were again filtered through 0.22um filters. All 
samples were labeled and stored in the laboratory fridge, chain-of-custody forms were 
completed, and samples were picked up the following day by an EAI courier for analysis. 
The pH and ORP conditions of the solution were monitored and data was 
collected throughout the experimental runs, including the pretreatment time and the 
arsenic adsorption reaction periods, using the Consort R305 system and Labview 
software. 
3.4 Assessing Magnetic Removals of ZVI from an Arsenic Treatment Scheme 
Magnetic separation of ZVI became an experimental option with the ongoing 
attempt to find alternative, innovative means of removing iron from an arsenic treatment 
scheme. The idea was forged after using magnetic separation to refine the material used 
for the arsenic adsorption experiment using the magnetite-based mining byproduct. The 
following sections describe the experimental design, setup, and procedure for the bench-
scale study used to asses the potential of using magnetic separation of ZVI. 
3.4.1 Experimental Design 
The experimental design was a preliminary assessment of the potential for 
magnetic separation of ZVI in an arsenic treatment system. There were two different 
magnetic systems used in the experiment that utilized different magnets. The magnetics 
used in this study are shown in Figure 3.10. The first setup, which used the magnet on the 
left, was simply called the magnetic separation (MS) setup. The second setup, which used 
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the magnet on the right, was called the high gradient magnetic separation (HGMS) setup. 
The difference in magnetic setup was the only variable. Control runs were also performed 
for each magnetic setup. The response variable was total suspended solids (TSS). The 
TSS analysis was used as a surrogate quantitative analysis for total iron concentration. 
Figure 3.10 Magnets used in the a) magnetic separation setup and b) HGMS setup 
3.4.2 Experimental Setup 
The experimental setup, shown in Figure 3.11, was the same for both runs. The 
only difference was the magnetic separation process used for ZVI separation. Both runs 
were performed in the temperature control room in the laboratory in Gregg Hall room 
347. The experimental solution in this study had the same conditions as those used in the 
iron dissolution and arsenic adsorption kinetic experiments. The experimental solution 
was 3L of RO water in a 3 gallon glass reaction vessel with background ionic strengths 
and alkalinities of 0.005M and 50 mg/L as CaC03, respectively, and a ZVI concentration 
of 200 mg/L. The ionic strength and alkalinity were achieved through the additions of 
876.6 mg of NaCl (292.2 mg/L) and 103.3 mg of NaHC03 (34.42 mg/L). The solution 
was held at a pH of 7.0+0.1 by IN HCl and 0.1N NaOH. The experimental volume was 
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Figure 3.11 Experimental setup for the magnetic separation runs 
The magnetic separation setups were made from 6" long, 1" diameter glass tubes 
fitted with Teflon inlet and outlet barbs and caps. The solution was pumped through the 
system with a Masterflex peristaltic pump and 1/8" ID Norprene tubing. There were also 
influent and effluent sampling ports that were made from tee joints and plastic valves. 
The magnetic separation setup, shown on the left in Figure 3.12, utilized two of the 
magnets shown on the left in Figure 3.10, which were held to the setup using plastic tie-
wraps. The glass tube was tilted to an angle of about 25° in this setup. The HGMS setup, 
shown on the right in Figure 3.10, used the magnet shown on the right in Figure 3.10 as 
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well as l.Og of 434 stainless steel wool (coarse grade). The steel wool had an average 
fiber diameter of 120um. The steel wool was placed within the glass tube between the 
two magnets. The control runs had the same experimental setups as described above but 
did not include the magnets in them. 
Figure 3.12 The magnetic separation system setups for the a) MS and b) HGMS runs 
3.4.3 Experimental Procedure 
The pH and ORP probes were prepared and calibrated and all glassware and 
materials were cleaned as necessary. The reaction vessel was filled with 2L of RO water 
using a IL volumetric flask. The NaCl and NaHC03 were massed and added to the 
volumetric flask, which was filled to IL with RO water, and added to the reaction vessel 
for a total volume of 3L. The pH and ORP probes were introduced into the solution, 
which was constantly stirred at the lowest setting on the mixer, and bubbled with air at 10 
Lpm using the same setup as the iron dissolution experiment. Meanwhile, pH and ORP 
data began to be collected by the Consort Rd305 and Lab View software, respectively. 
The ZVI was then massed, added to the solution, and pretreated for 15 hours. During the 
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pretreatment period the magnetic separation systems were setup as seen in Figure 3.12. 
After the pretreatment period was over, solution pH was maintained at 7.0+0.1 with the 
Consort R305. Once the pH was within the aforementioned range, the solution was 
allowed to stabilize for 10 minutes. Upon stabilization, the solution was then pumped 
through the system and recycled into the experimental volume at 66mL/min for the 
magnetic separation run. The solution was pumped through the system and into a separate 
3 gallon glass collection vessel at 25mL/min for the HGMS run. The flow rates were 
selected to provide a residence time of one minute within the magnetic field of the 
magnetic separation units. 
3.4.4 Sampling and Monitoring 
TSS samples were taken from the influent and effluent sample ports 5, 15, and 30 
minutes after the magnetic setup was fully inundated with fluid for the magnetic 
separation run. Samples were also taken from the 1 gallons glass vessel prior to pumping 
through the system and after 30 minutes of pumping in this run. The magnetic separation 
control run was able to take an addition sample from the influent and effluent port at 60 
minutes due to another set of TSS crucibles being available. The HGMS run took 
samples from the influent and effluent sample ports 5, 15, 45, and 75 minutes after the 
system was fully inundated with the ZVI slurry. The HGMS control run had the same 
sampling regime. The pH and ORP conditions in the experimental volume were also 
monitored throughout the experiment using the Consort R305 system. 
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3.5 Application of DE Precoat Filtration in an Arsenic Adsorption Treatment 
System using ZVI 
As previously discussed, a major concern from past experimentation at UNH 
involving arsenic adsorption by ZVI, most notably in pilot-scale work involving the 
application of DE precoat filtration, has been the dissolution of iron within the treatment 
system. Concentrations have often exceeded the EPA's secondary standard for dissolved 
iron of 0.3 mg/L (Pepler 2009). In order to alleviate the concerns of dissolved iron, a 
bench scale study was performed to analyze the impact of water quality conditions on 
iron dissolution by ZVI. The results from the bench scale study were applied to pilot-
scale work with a DE precoat filtration setup similar to that used by Pepler (2009), in an 
attempt to improve arsenic removals while minimizing iron dissolution. The experimental 
design, setup, and procedure utilized for the precoat filtration strategy are discussed 
below. 
3.5.1 Experimental Design 
The experiment was designed in order to reproduce and expand upon work 
performed by Pepler (2009), in which significant arsenic removals, but high dissolved 
iron concentrations, were observed in a adsorption system using ZVI, coupled with a DE 
precoat filter. Pepler (2009) analyzed the effect of oxidant type and contact time on 
arsenic removals. The experiment performed by Pepler (2009) is described in more detail 
in Section 1.1. 
The following study, whose experimental design is shown in Table 3.4, was 
intended to analyze the effect of contact time and ZVI dose on arsenic removals and iron 
dissolution. It also was intended to analyze the effect of system pH on dissolved iron 
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concentrations. The runs performed in this experiment were at a solution pH of 7, 
compared to a pH of 6 used by Pepler (2009), which were chosen based on results from 
the bench-scale study analyzing the impact of pH and ORP on iron dissolution. The effect 
of contact time on arsenic removals and iron dissolution was analyzed in runs 2 through 
4, in which settings were "low", "medium", and "high". These settings correlated to 
theoretical contact times of 2, 22, and 44 minutes, respectively, which were chosen to 
mimic and expand upon previous work (Pepler 2009). The effect of ZVI dose on arsenic 
removals and iron dissoultion was analyzed in runs 2 and 5, which icluded a "low" and 
"high" dose of 200 and 400mg/L, respectively, chosen based on recommendations by Dr. 
Collins. The experiment was not designed as a full factorial experiment and runs were not 
replicated. A control run was performed without the addition of ZVI for QA/QC 
purposes. 
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3.5.2 Experimental Setup 
The experimental setup intended to mimic that used by Pepler (2009). The filter 
used in the study was a Manville, Celite one square foot precoat filter, shown in Figure 
3.13. The process diagram for the setup is shown in Figure 3.14. The DE precoat 
filtration process was setup in the high bay in Gregg Hall room 147 at UNH. The setup 
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included five tanks. The source water tank, shown in Figure 3.15, was a 500 gallon 
plastic tank that was stored on the mezzanine in the high bay. The conditions in the 
source water tank included a background ionic strength and alkalinity 0.005M and 
25mg/L as CaC03, respectively, and an arsenic concentration of 2mg/L. The total 
volume in the source water tank was 300 gallons of RO water, obtained from running 
water through V" braided flexible PVC tubing from the RO tap on the first floor to the 
tank in the mezzanine. The background ionic strength and alkalinity were achieved 
through the addition of 332g and 39. lg of NaCl and NaHC03, respectively. An arsenic 
concentration of 2mg/L was achieved by adding a 2L solution of 1.742 g/L arsenic 
pentoxide (AS2O5), equivalent to a total mass of 3.484g AS2O5, to the source water tank. 
Sodium arsenate replaced arsenic pentoxide following Run 1 due to unexpected QA/QC 
results, discussed further in Section 3.7. A total mass of 9.46g of sodium arsenate was 
dosed as a 2L solution to the source water tank for a 2 mg/L initial arsenic concentration. 



























Figure 3.14 Process diagram for DE precoat filtration strategy 
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In order to achieve the "high" ORP setting used in Run 1, the source water tank 
was dosed with 30 mL of a 6% NaOCl solution. For all other runs, air was bubbled into 
the source water tank through four diffuser stones at 5 standard cubic feet per hour (scfh) 
by a GST Model 0523-V4F-G588DX air compressor with a GE Model 
5KH36KNA510X, 1/4HP motor and gauged by a Key Instruments, 0 to 5scfh air, 
flowmeter. The solution in the source water tank was mixed with a Simer Model 2905-
04, 1/4HP submersible sump pump. The pH conditions in the source water tank were 
controlled by manual titration with either IN NaOH or IN HCl. The outlet from the tank 
was equipped with a 3" PVC bulkhead, reduction fittings to a 1" ball valve, and a 
reducing barb to %" ID flexible PVC tubing. Water from the source water tank was 
allowed to flow by gravity to the next stage in the system and gauged with a Dwyer, 0 to 
lgpm water, flowmeter. 
Figure 3.15 Source water and ZVI dose tanks setup in the mezzanine in the high bay 
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The second tank was the ZVI dose tank, a 15 gallon plastic tank located next to 
the source water tank in the mezzanine in the high bay. It can be seen in Figure 3.15 and 
3.17. The conditions in the ZVI dose tank included a background ionic strength and 
alkalinity of 0.005M and 50 mg/L as CaC03, respectively, as well as a ZVI concentration 
Figure 3.16 Side view of source water tank and ZVI dose tank setup in high bay 
of 7.77g/L. The total volume in the ZVI dose tank was 8 gallons of RO water. The ionic 
strength and alkalinity were achieved through the addition of 8.85g and 1.04g of NaCl 
and NaHC03, respectively. The ZVI concentration was achieved through the addition of 
235.3g of ZVI. The ZVI dose tank was mixed with an Arrow Engineering Model # 850, 
Serial # VW9912232 motor with a stainless steel paddle mixer, and bubbled with 
diffused air through four diffuser stones at 5 scfh by the same air compressor, and 
88 
regulated by the same type of flowmeter, as those used for the source water tank. The pH 
and ORP conditions in the ZVI dose tank were controlled and monitored with the Consort 
R305 system. The pH and ORP probes were the same as those used in previous bench-
scale experiments. Solutions of IN NaOH and IN HCl were used to titrate the solution to 
appropriate pH conditions. The outlet from the tank was equipped with a V" PVC 
bulkhead and ball valve with a reducing barb to %" ID Masterflex 06404-17 Norprene 
tubing. The solution from the ZVI dose tank was pumped into the system by a Cole-
Palmer, Masterflex L/S Economy Drive Model 7554-90, 20 to 600rpm peristaltic pump 
with an Easy-load II Model 77-200-50 pump head. 
The mixing tank, a 100 gallon plastic tank shown in Figure 3.18, was elevated 4 
feet above the precoat filter on a wooden table covered in plastic, and mixed with a 
Dayton Model 27845A, 1/3HP motor and stainless steel paddle mixer. The mixer was 
regulated with a Superior Electric Co. Type 116 Powerstat with a voltage output ranging 
from 0 to 140 volts, set to 40 volts for the experimental runs. It was fed by the source 
water and ZVI dose tank feeds through a %" flexible PVC pipe that entered through an 
opening in the top of the tank. The outlet structure on the tank was a 1" bulkhead to a 3A" 
ball valve fitted with a barbed fitting to %" ID, flexible, braided PVC tubing. There was 
also a sampling port on the mixing tank that included a V" bulkhead and a V" ball valve 
with a reducing barb to WID Norprene tubing. Prior to the mixing tank, the source water 
was dosed with the ZVI dose tank effluent at a %" PVC wye-joint that fed directly into a 
Koflo 3/4" diameter, 9" long, clear PVC static mixer, as shown in Figure 3.17. 
The final two tanks were the diatomaceous earth (DE) precoat and body-feed 
tanks. The DE precoat tank, shown in Figure 3.18, was a 5 gallon plastic bucket equipped 
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Figure 3.17 a) ZVI dosing and mixing junction with source water and b) air flowmeters for ZVI 
dose tank and source water tank with diffuser stone setup 
with a Vz" bulkhead inlet structure, fitted with a barbed fitting to W' ID braided flexible 
PVC tubing. The inlet was fed from the precoat recycle effluent line of the DE precoat 
filter. The outlet of the DE precoat tank was the same as the inlet except it was also 
equipped with a V2" PVC ball valve. The effluent piping led to the feed pump inlet. It was 
elevated on the same table as the mixing tank. The precoat tank was filled to just below 
the inlet structure with RO water, dosed with 0.21bs, or 90.72g of Hyflow DE, and mixed 
with an Arrow Engineering Model 1750, Serial VW0003108 motor with a stainless steel 
paddle mixer. The DE concentration in the precoat tank was 0.48 percent by weight. The 
DE body-feed tank, shown in Figure 3.18, was a 6 gallon plastic bucket whose setup 
consisted of an outlet made from a V2" PVC bulkhead, V2" ball valve, and a barbed 
reducing fitting to V" ID Norprene tubing. The body-feed tank was filled with 5 gallons 
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of RO water and had a concentration of 11.3g of DE per L, equivalent to a total mass of 
214g. The body-feed utilized the same type of DE as the precoat. The DE concentration 
was equivalent to 1.13 percent by weight. The DE body-feed tank was mixed with the 
same mixer as the DE precoat tank and was dosed to the feed pump with a Cole-Palmer 
Masterflex L/S Economy Drive Model 7554-80, 7 to 200 rpm peristaltic pump with an 
Easy-load II Model 77200-60 pump head. 
Figure 3.18 a) Mixing tank and DE precoat tank setup, and b) DE body-feed tank setup 
The mixing tank, DE precoat tank, and DE body-feed tank all fed into the feed 
pump, a centrifugal pump powered by a Dayton Model 2Z846A, 3/4HP variable speed (0 
to 2,500rpm) pump that was regulated by a Dayton rheostat. The pump and rheostat 
control are shown in Figure 3.19. The pump outlet fed directly to the inlet of the DE 
precoat filter via 3A" ID braided, flexible PVC tubing. The DE filter, as seen in Figure 
3.13, has an inlet at the base of the filter that branched into the main inlet as well as the 
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backwash line, equipped with a 0 to 100 psi pressure gauge. The main effluent line, 
which exits the center of the filer apparatus, is equipped with a Blue-White, 0 to 5gpm 
water, flowmeter and branches to the main effluent on the left and the DE precoat recycle 
line on the right. At the base of the filter is the drainage line and at the top of the filter is 
the pressure relief valve. The Weksler Instruments, 0 to 60 psig, pressure gauge located 
next to the main effluent line and behind the backwash piping, measures the differential 
pressure inside the filter unit. 
Figure 3.19 a) Feed pump setup and b) feed pump rheostat configuration 
3.5.3 Experimental Procedure 
The procedure begins with the preparation of the ZVI dose tank. The NaCl, 
NaHC03, and ZVI were massed and the tank was filled with 8 gallons of RO water. The 
pH and ORP probes were calibrated and introduced into the solution, and data collection 
using the Lab View software began. The NaCl, NaHC03, and ZVI were then added to the 
solution. The tank was mixed at such a rate as to suspend the ZVI and prevent it from 
settling to the bottom of the tank. Air was bubbled into the system at this time at a rate of 
5scfh by turning the air compressor on and regulating the flow with the appropriate 
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flowmeter. The Consort R305 system was then set to a pH of 7.1+0.1, and the valves for 
the HCl and NaOH titration solutions were opened. The ZVI was pretreated for 24 hours 
prior to its introduction into the system (Pepler 2009). 
After the ZVI dose tank was prepared and the ZVI was being pretreated, the raw 
water tank was filled with 300 gallons of RO water. This took several hours, as the flow 
rate of RO from the faucet was around lgpm. The NaCl, NaHC03, and As205 were then 
massed. The AS2O5 and the arsenic solution were massed and handled in a fume hood in 
Gregg Hall room 347. In order to allow time for titration of the source water tank, the 
chemicals were added roughly 2 hours prior to the start of the run and mixed with the 
submersible pump. At this point, 30mL of 6% NaOCl solution was added for the "high" 
ORP setting, or diffused air should be bubbled into the tank at 5scfh for the "low" setting. 
The solution was allowed to mix for 30 minutes, during which time the pH and ORP 
probes were calibrated. Titration of the source water tank was performed by pumping 
500mL samples from the source water tank into a 600mL glass beaker through V" ID 
Norprene tubing using the same model peristaltic pump and head as the ZVI dose pump. 
The pH of the sample was analyzed and the source water tank was titrated using either 
the NaOH or HCl solutions. This process was repeated until the pH was within the 
desired range of 7.1+0.1. 
After titrating the source water tank, the DE precoat was administered to the filter 
septum. This step began by filling the precoat tank with RO water to slightly below the 
inlet. The precoat outlet valves, feed pump inlet valve, filter inlet valve, and air relief 
valve were all opened at this time and the feed pump was turned on. Once the filter was 
full of RO water pumped from the precoat tank, the air relief valve was closed and the 
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precoat recycle effluent valve was opened simultaneously. At this point, two more 
gallons of RO water were added to the precoat tank, the precoat mixer was turned on to a 
speed between 40 and 60rpm, and the DE was added. The flow was gauged to about 1 
gpm through the filter. Turbidity measurements from the precoat tank were taken in order 
to determine when the DE had been fully precoated on the filter septum. The precoat 
cycle was complete once turbidity readings in the tank were equivalent to those of clean 
RO water. The precoat cycle should take 15 to 20 minutes. 
When the precoat began being administered, the source water tank and the ZVI 
dose tank effluent valves were then opened and the ZVI dose pump was turned on. The 
exact timing of this was dependent on the contact time setting for the run being 
performed. The source water tank and ZVI pretreatment tankeffluents were set to flow at 
1 gpm and 100 mL/min, respectively. The source water and ZVI slurry were gauged 
using the flowmeter and the peristaltic pump, respectively. The flow entered the mixing 
tank, whose effluent valve was closed, allowing it to fill to 20 or 42 gallons for a contact 
time of 22 and 44 minutes, respectively. The pipe from the effluent of the source water 
flow gauge was piped directly to the feed pump for the 2 minute contact time. The 
mixing tank was continuously mixed throughout the experiment. At the same time that 
the mixing tank was being filled to the appropriate volume, the DE body-feed tank was 
filled with 5 gallons of RO water and mixed at a speed between 40 and 60 rpm. The DE 
body-feed was added to the tank and allowed to mix. 
Once the filter was precoated and the mixing tank was filled to the appropriate 
volume, the DE filter was switched from the precoat cycle to the treatment cycle. The 
valves for the mixing tank and body-feed tank outlets were opened and the body-feed 
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peristaltic pump was turned on. The switch to the treatment cycle was then made by 
simultaneously closing the precoat inlet valve on the feed pump and opening the mixing 
tank and body-feed tank inlet valves to the feed pump as well as closing the precoat 
effluent valve and opening the main effluent valve on the DE precoat filter. This switch 
marks the start of the experimental run. The influent flow from the source water tank and 
the effluent flow from the precoat filter were held at lgpm throughout the experiment in 
order to maintain constant volume within the mixing tank. 
The experiments were run for 4 hours, during which sampling and monitoring of 
the system occured. Once the run was finished the filter was cleaned by closing the main 
influent valve and opening the backwash valve. At this time the effluent valve was closed 
and the filter drain valve was opened. The filter septum was rotated while being sluiced 
with RO water and drained into a 5 gallon bucket for collection of the DE filter cake. The 
filter septum and housing was cleaned by sluicing and flushing with RO water. All tanks 
were disconnected and cleaned thoroughly to remove all visible ZVI and iron corrosion 
products, the source water tank and all piping were flushed with RO water, and all mixers 
were cleaned and wiped down after each run. Due to the buildup of DE and iron, the filter 
was also dis assembled and cleaned after each run. 
3.5.4 Sampling and Monitoring 
The monitoring and data recording scheme for these runs included the following. 
The pH and ORP conditions were monitored and recorded automatically in the ZVI dose 
tank throughout the pretreatment time and the experiment by the Consort R305 setup 
shown in Figure 3.16. Temperature was also monitored and recorded manually every 30 
minutes in the ZVI dose tank using a glass thermometer. The pH and ORP conditions as 
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well as temperature were also monitored and recorded at the start of the experiment and 
every 30 minutes thereafter in the source water tank and precoat filter effluent with the 
other pH and ORP setup and a glass thermometer. Samples were drawn from the source 
water tank in the same fashion as the samples for the initial titration of the tank. Turbidity 
measurements were performed on the mixing tank solution and the precoat filter effluent 
every 30 minutes as well. Finally, the differential pressure in the precoat filter was 
monitored and recorded every 15 minutes to determine the headloss in the system. 
The sampling procedure for the experiment included the following. Dissolved 
arsenic samples were taken from the source water tank at the start of the experiment as 
well as 120 and 240 hours thereafter, to establish an initial arsenic concentration in the 
system. These samples were drawn from the source water tank in the same fashion that 
the samples for the pH and ORP monitoring and initial titration were. Dissolved arsenic 
and iron samples were taken from the precoat filter effluent 30, 60, 90, 120, 180, and 240 
minutes after the start of the experiment. Total iron samples were taken from the effluent 
60, 120, and 240 minutes after the start of the experiment. The dissolved arsenic and iron 
samples were all 40mL samples taken in 60mL plastic syringes and filtered through 
0.22um filters into the sample bottles provided by EAI. The total iron samples were 
50mL samples that were poured directly into the sample bottle provided by EAI. 
3.6 Analytical Techniques 
Analysis of dissolved arsenic, dissolved iron, dissolved fluoride, and total iron 
were performed by Eastern Analytical, Inc (EAI). The laboratory used EPA Method 
200.8 for iron and arsenic analysis, which is the determination of trace elements in water 
and wastes by inductively coupled plasma - mass spectrometry. The reporting limits for 
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arsenic and iron analysis were 0.5 (ig/L and 0.05 mg/L, respectively. The reporting limit 
for iron was reduced by EAI to 0.01 mg/L during experimentation. The new reporting 
limit was in effect for all results after those from the initial run of the iron dissolution 
experiment. EAI used EPA Method 300.0 for fluoride analysis, which is the 
determination of inorganic anions by ion chromatography. The reporting limit for 
fluoride was 0.1 mg/L. Standard operating procedures (SOPs) for pH, ORP, turbidity, 
TSS, and particle size analysis can be found in Appendix A. The observed ORP values 
were converted to the standard hydrogen electrode potential (EH) values according to the 
ORP standard operating procedure (SOP). 
3.7 QA/QC Measures 
An independent quality control study was performed for all experiments to add 
confidence to the laboratory technique and EAI's analytical technique. The pH and ORP 
probes were calibrated before every run as explained in Appendix A. Duplicates samples 
were taken for arsenic, iron, and fluoride analysis every 10 samples, or for every set of 
samples if less than 10 were analyzed, to determine analytical precision. Sample blanks 
and standards were also run at the same frequency to determine laboratory error and 
analytical accuracy, respectively. Sample blanks were performed by submitting either DI 
or RO water to EAI for analysis, depending on the type of laboratory grade water used in 
the experiment. The sample standards were made at 0.3 mg/L for both arsenic and iron 
for the arsenic adsorption study on the magnetite-based mining byproduct. For all 
experiments after that, the standards were made at 0.25 and 0.05 mg/L for iron and 
arsenic, respectively. Other QA/QC measures performed were background and control 
runs. These were performed for each experiment prior to the experimental runs being 
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performed. They tested the experimental setup for background contamination or for 
unknown sources of contaminant removal or losses. 
In addition to the independent QA/QC measures, EAI is accredited in accordance 
with National Environmental Laboratory Accreditation Conference (NELAC) standards. 
The New Hampshire Department of Environmental Services (NHDES) also performs an 
annual on-site visit, inspection, and evaluation of EAI's facility. The results of this audit 
are used by non-NH State agencies to grant approval. Successful analysis of blind 
performance evaluation (EPA PE Studies) samples is also required for state approval. 
Samples are submitted to EAI on a semiannual basis from the EPA (or EPA approved 
source) for drinking water and wastewater analyses. EAI also follows method protocol 
for all analyses, including Method 200.8 and 300.0, which require the QA/QC samples, 
results, and frequencies outlined in Table 3.5. EAI's NELAC identification number is 
NH1012, and their certification number is 101210A. 
All analyses by EAI were performed in accordance with their QA/QC Program. 
Holding times, preservation techniques, container types, and sample conditions adhered 
to EPA Protocol. Finally, samples which were collected by EAI were collected in 
accordance with approved EPA procedures. Quality Control data from all analyses for the 
experiments performed in this study passed EAI's internal QA/QC Program. The results 
from those analyses are not included in this report, but can be obtained from EAI upon 
request according to the Lab ID's and Client Identification shown in Appendix F. 
The independent QA/QC results from all of the experimental studies were 
accumulated and organized according to the chemical being analyzed. The tabulated data 
can be found in Appendix F. It must be noted that the data is not organized by date or by 
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experimental run. The tables are simply an accumulation of all of the QA/QC sampling 
results and calculations for each chemical. 
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1/batch or 10% 












3 stds, 1 blank 
90 -110% Recovery 
< Reporting Limit 
70 -130% Recovery 
+/- 20 Relative Percent 
Difference (RPD) 
80 -120% Recovery 
85 -115% Recovery 
80 -120% Recovery 
3 stds, 1 blank 
< Reporting Limit 
90 -110% Recovery 
80 -120% Recovery 
+/- 20 RPD 
90-110% Recovery 
Analytical precision was quantified by determining both the relative standard 
deviation (%RSD) and the relative percent differences (RPD) for the duplicate sampling 
results. A total of 22, 16, and 1 set(s) duplicate samples were taken for quality control 
measures for iron, arsenic, and fluoride analysis, respectively. Relative standard 
deviations and relative percent differences were calculated for each set of duplicates and 
averages of those values were calculated for each analyte. A summary of the quality 
control results for analytical precision results are shown in Table 3.6. 
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Table 3.6 Summary of quality control results from duplicate samples taken for analytical 

























Analytical precision appears high in all analyses, as average RSDs and RPDs 
were below 6 percent; accept for those in the initial calculations for iron and arsenic. 
Arsenic and fluoride had especially high analytical precision, with RSDs and RPDs at or 
below 1%. It is evident from Table 3.6 that analytical precision varied with analyte. The 
RSD and RPD appear to be higher for iron analysis than for arsenic or fluoride analysis. 
This is most likely due to the fact that analytical results for iron below O.lmg/L were only 
reported with one significant figure, since the minimum reportable limit for iron was 
O.Olmg/L. This significantly increased standard deviations for those duplicate results and 
increased overall RSD and RPDs for iron analysis. It is also evident that these values 
were significantly different between the first and second set of calculations performed for 
iron and arsenic. Several of the duplicate iron and arsenic sampling events were not 
included in the second set of calculations for various reasons, such as filter housing leaks 
observed during a sampling event or different filter sizes being used for the duplicate 
samples in an attempt to determine the effect of filter size on results. Compare these to 
the EPA requirements. 
Analytical accuracy was quantified by determining percent recoveries for the 
standard samples for each analyte. A total of 17, 12, and 1 standard sample(s) were sent 
to EAI for quality control measures for iron, arsenic, and fluoride analysis, respectively. 
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Percent recoveries were calculated for each standard sample and averages of those values 
were calculated for each analyte. A summary of the quality control results for analytical 
accuracy results are shown in Table 3.7. 



















Data omitted from calculations 
Analytical accuracy appears high for all analyses, as average percent recoveries 
were over 85% for all three analytes. Arsenic and fluoride had extremely high percent 
recoveries close to 100 percent. These results indicate high analytical accuracy by EAI 
for arsenic and fluoride. It must be noted that only one sample was taken for fluoride due 
to the minimal amount it was analyzed throughout the experiments. It is evident from 
Table 3.7 that analytical accuracy varied with analyte. The percent recovery appears to be 
lower for iron analysis than for arsenic or fluoride analysis. It is also evident that these 
values were significantly different between the first and second set of calculations 
performed for iron and arsenic. One of the standard solutions made for iron and arsenic 
standards was used for standard samples in subsequent experiments. Upon receiving the 
results from the second set of analyses it was noted that nitric acid had not been added to 
the standard solution to preserve the metals in dissolved form, and therefore dissolved 
iron and arsenic concentrations in that standard solution were significantly lower than 
those from the first set of results using that solution. Compare these to the EPA 
requirements. 
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Laboratory analytical contamination was quantified by sending laboratory blanks 
to EAI with each set of samples. The laboratory blank was a sample of laboratory grade 
water, either deionized (DI) or reverse osmosis (RO) water, depending on the grade of 
water used in that experiment. A total of 16, 12, and 1 laboratory blank(s) were sent for 
quality control measures for iron, arsenic, and fluoride analysis, respectively. All results 
were below detectable limits accept for one arsenic sample, with an observed 
concentration of 0.0007mg/L. This result was observed in Run 3 from the pilot-scale, DE 
precoat filtration study. Unlike most laboratory blanks, this sample was filtered through a 
0.22um filter by a plastic syringe to try and determine if any contamination was occurring 
due to sampling technique. The contamination is believed to be either from the sampling 
materials (plastic syringe, filter housing), or from laboratory contamination by EAI. If 
from sampling equipment, the cleaning procedures should be analyzed and reevaluated, 
or new syringes and filter housings should be used for arsenic analysis in the future. In 
either case, the concentration of arsenic in this sample was extremely low, being over 
three orders of magnitude below sampling results. 
Contamination from experimental setups was determined by taking experimental 
blanks. Experimental blank samples were taken from sampling locations within the 
experimental setup prior to the addition of iron, arsenic, or fluoride, to determine 
background contamination concentrations of those constituents. For the iron dissolution 
experiments, an experimental blank was taken prior to a control run. For kinetics 
experiments, sampling for experimental blanks were performed prior to the addition of 
arsenic during control runs. For the pilot-scale DE filter runs, one experimental blank 
sample was taken from the source water tank after proper cleaning had been performed 
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and the tank was refilled with RO water to determine if there was any arsenic 
contamination in the tank from previous runs. RO water was then allowed to run through 
the system after the DE precoat had been administered, and another sample was taken 
from the filter effluent to determine if there was arsenic or iron contamination throughout 
the system. 
Experimental blank sampling results for iron analysis were below detection limits 
for all sampling events, indicating no background contamination of iron in any of the 
experimental setups. Experimental blank sampling results for fluoride analysis were 
below detection limits for all fluoride kinetic studies, indicating no background 
contamination of fluoride in the kinetic studies analyzing fluoride competition. The 
results from arsenic experimental blank samples will be discussed according to 
experimental setup. As previously discussed, experimental blanks were taken prior to 
arsenic addition during control runs for the arsenic adsorption kinetic study. Control runs 
were performed for both oxidants (HOCl and D.O.) used in the oxidant comparison study 
and for both fluoride concentrations (2 and lOmg/L) in the fluoride competition runs, 
resulting in a total of 4 control runs. An experimental background sample was also taken 
for the run in which D.O. was used as an oxidant but diffused air was not bubbled into the 
system. These samples allowed for the determination of experimental contamination for 
each experimental setup used in the kinetic studies. 
It is evident, from Table 3.8, that arsenic contamination occurred in all 
experimental setups used in the arsenic adsorption kinetic studies except for the setup 
using D.O. as an oxidant without the bubbling of diffused air. It also appears that arsenic 
background contamination appears to increase with time. Although the levels are between 
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three and four orders of magnitude below initial arsenic concentrations used in the study, 
it is still a serious concern. The contamination of arsenic in the experimental setup must 
be due to residual arsenic within the experimental setups, which may be due to improper 
cleaning of the materials used in the experiment.. All cleaning procedures were 
performed according to those outlined in the SOP for cleaning of glassware and other 
materials. This is something that should be taken into consideration in future studies if 
similar experimental setups are used. If background levels become too high, new 
glassware should be purchased to replace the contaminated vials. 
Table 3.8 Background arsenic results from the arsenic adsorption kinetic study 
Study 
Oxidant Type 







D.O., Diffused air 















Background samples were also taken prior to each of the DE filter runs. The 
results are shown in Table 3.9. Background contamination occurred again in all of the 
experimental runs in the DE filter study except for in the control run. This is most likely 
due to the difficulty of cleaning the pilot-scale experimental setup. The cleaning 
procedure was followed according to Section 3.5.3. More significant cleaning measures 
may want to be taken into consideration for future studies. It appears that background 
contamination varied immensely from run to run. The reason for this is unknown as 
similar cleaning procedures were applied between each run. Although background 
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contamination is evident throughout almost all of the pilot-scale runs, the concentrations 
were again between two and three orders of magnitudes below sampling results. 
























As previously discussed, control runs were performed for both the kinetic 
experiments as well as the pilot-scale DE filter study. The control runs were performed to 
determine if arsenic or fluoride removals were occurring within the systems without the 
addition of ZVI. Samples were taken immediately after arsenic addition and then 5 hours 
after addition for the kinetic control runs. Samples were taken in both the source water 
tank and the filter effluent in the DE filter runs. Samples in the effluent were taken 30, 
60, 120, and 240 minutes after the run began. Samples were taken in the source water 
tank 0, 120, and 240 minutes after the run began. Control run results can be found in 
Appendix B. The results from the kinetic studies are shown in Table 3.10. 
Table 3.10 Arsenic results from control runs for the adsorption kinetic study 
Study 
Oxidant Type 




























It is evident that initial arsenic concentrations in the control runs are 1.9 mg/L. 
Initial fluoride concentrations are also very close to expected values. The control runs 
showed that no arsenic or fluoride removals were occurring within the experimental 
setups used in the arsenic adsorption kinetic studies. 
The results from the DE filter control study are shown in Table 3.11. It is evident 
that arsenic concentrations varied in both the source water tank and the filter effluent. 
This was not expected and was determined to be due to the chemical used to dose the 
source water tank. Although the results did not agree with expected concentrations of 
2mg/L, they did confirm that removals were not occurring within the experimental setup. 
The chemical used after the control run and run 1 was sodium arsenate. Pepler (2009) 
proved that arsenic levels were maintained throughout experimental control runs in his 
study, so no further control runs were performed. 
Initial arsenic concentrations were determined by sampling the source water tank 
and analyzing for dissolved arsenic prior to the start of the run, as well as 2 and 4 hours 
after the experimental run began. Results from these sampling events are shown in Table 
3.11. Samples were also taken for dissolved arsenic in the effluent of the DE precoat 
filter to determine the arsenic removals in the system throughout the experimental run. 
These samples were taken roughly 30, 60, 90, 120, 180, and 240 minutes after the 
experimental runs began. Arsenic removals were calculated by comparing the arsenic 
concentrations observed in the DE precoat filter effluent to the average concentration 
observed in the source water tank for each respective run. Arsenic removals are displayed 
in Figure 4.19 as percent removals observed over time. 
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Table 3.11 Arsenic concentrations (mg/L) in the source water tank for the experimental runs 











































It appears, from Table 3.11, that initial arsenic concentrations remain relatively 
stable in the source water tank in runs 2 through 5, throughout the experiments. 
Difficulties with arsenic concentrations were experienced in the control run and run 1, 
where arsenic concentrations in the source water tank varied and did not reach expected 
concentrations of 2mg/L. The issue was discovered to be due to the chemical, arsenic 
pentoxide, used to dose the source water tank. Arsenic pentoxide was not used in 
subsequent runs due to the variability in solubility data. The chemical used in runs 2 
through 5 was sodium arsenate. There appeared to be no issues with sodium arsenate, as 
concentrations remained relatively stable and close to the desired initial concentration of 
2mg/L. The arsenic issue did not render results from the control run and run 1 inadequate 
for their use in QA/QC purposes and iron dissolution objectives, but arsenic removal 
results from run 1 will not be discussed in Chapter 4. 
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CHAPTER 4 
RESULTS AND DISCUSSION 
The following sections present a discussion of the results from the experiments 
outlined in Chapter 3. The experiments included the following bench- and pilot-scale 
work; (1) assessing the arsenic adsorption potential of a magnetite-based mining 
byproduct material, (2) evaluation of water quality conditions effect on iron dissolution in 
a ZVI system, (3) analysis of arsenic adsorption kinetics by ZVI, and (4) assessment of 
innovative ZVI separation processes to include DE precoat filtration and magnetic-
induced clarification in a continous arsenic treatment scheme. All experimental data can 
be found in Appendices B through F, according to its corresponding experiment. 
4.1 Arsenic Adsorption Study on Magnetite-Based Byproduct Material 
The objective of the study was to determine the arsenic adsorption potential of a 
magnetite-based mining byproduct material from Unimin Canada Ltd. The study was 
designed to emulate conditions from an arsenic adsorbent screening experiment 
performed by Hadnagy (2004) in an effort to compare results from the two experiments. 
The magnetite-based mining byproduct material did not effectively remove 
arsenic from solution under the experimental conditions used in this study. The 
experimental results in Table 4.1 correspond to percent arsenic removals of 0, 0, 0, and 
3.1% for runs 1, 2, 3, and 4, respectively, based on EAI's analytical results. Arsenic 
removals for the magnetite material analyzed in this study were significantly lower than 
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those from the study performed by Hadnagy (2004), where arsenic removals of 20 to 
25% were observed when using purified magnetite as an adsorbent. Removals were also 
well below those attained by other adsorbents, including ZVI, which achieved arsenic 
removals of greater than 95% when used as an adsorbent material under similar 
experimental conditions (Hadnagy 2004). The magnetite-based byproduct material was 
not utilized in subsequent studies due to its poor adsorption potential compared to ZVI. 
Table 4.1 Results from the arsenic adsorption experiment ([As]=0.3mg/L, [ZVI]=250mg/L, 




































4.1.1 Influence of Magnetite Content and Adsorption Site Regeneration 
A statistical analysis of variance in Table 4.2 found that neither magnetite content 
nor adsorption site regeneration were significant factors for arsenic removals. The results 
from the experiment were input to the JMP statistical analysis software and analyzed as a 
factorial experiment under the fit model platform in order to analyze the significance of 
the factors. The factors were magnetite content and adsorption site regeneration, which 
were input as nominal factors, and the response variable was the normalized final arsenic 
concentration (C/Co). The lack of significance of the factors in the experiment is evident 
from calculated p-values of 0.5 for both magnetite content and adsorption site 
regeneration, displayed in the analysis of variance (ANOVA) results in Table 4.2. The p-
value (Prob>F) is the probability that the difference between the response mean for that 
factor and the response mean for the entire data set occurred by chance alone. For 
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conclusions to be made with a statistical confidence of 95%, values less than 0.05 are 
considered evidence that the factor is significant to the model, while factors greater than 
0.05 indicate a lack of significance. The lack of significance for both factors in this study 
is logical since the results showed little to no arsenic removals in all of the experimental 
runs. 
Table 4.2 ANOVA results from JMP for the arsenic adsorption experiment 
Source 
Magnetite Content 














Prob > F 
0.5 
0.5 
4.1.2 Relevant Factors of Significance. 
The characteristics of the magnetite used in this study, in particular particle size, 
may be a significant factor in the limited effectiveness of the magnetite in adsorbing 
arsenic. The relatively short reaction time may also be a significant factor. There are 
several factors that play a role in arsenic adsorption by magnetite, including pH, material 
characteristics, such as particle size or surface area, magnetite concentration, time, and 
competitive ions (Yean, et al. 2005).The relatively low pH as well as the species of 
arsenic analyzed in this study are both favorable for the adsorption reaction, as it is 
known that arsenate is absorbed more effectively than arsenite, and arsenate is also 
retained better at low pH values by magnetite (Yean, et al. 2005). 
Studies have shown that changes in particle size can result in drastically different 
removal efficiencies of arsenic (Mayo, et al. 2007, Yean, et al. 2005). The reason that 
particle size has such a significant influence on adsorption is that nominal particle size is 
related to the surface area of an adsorbent. The surface area and pore sizes of a particle 
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are important factors that determine the number of adsorption sites and the accessibility 
of the sites for adsorbates (Crittenden, et al. 2005). An increase in arsenic adsorption with 
smaller particle sizes may be largely due to the increased surface areas, and therefore 
number of adsorption sites, associated with these smaller particle sizes. Table 4.3 shows 
the results from one study relating particle size, surface area, and arsenic remoals for 
several different magnetite particles. 
The magnetite particles' surface areas from the study by Yean et al. (2005) were 
plotted against their particle sizes, and a trendline was fit to the data. In order to find the 
surface areas for the magnetite particles used in this study as well as those used by 
Hadnagy (2004), the equation from the trendline was used. The particle size used to 
characterize the magnetite in this study was 0.23mm, which was the d50, or median 
particle size, of the material. The particle size used to characterize the magnetite used by 
Hadnagy (2004) was 5um, since the grain size was the described as being less than 5 jam. 
The reason this method was used to calculate surface area was that BET or comparable 
surface area analyses were not performed for the material used in either this study or that 
used by Hadnagy (2004). Figure 4.1 shows arsenic adsorption data normalized to 
magnetite dose in surface area per volume treated. Data used in Figure 4.1 can be found 
in Appendix B. 
Table 4.3 Magnetite particle size and surface area effects on arsenate removals 
(Yean, et al. 2005) 













It is apparent, Figure 4.1, that surface area dosing, and therefore particle size, has 
an impact on arsenic removals. It must be noted that the data used in Figure 4.1 does not 
include several important factors, including pH, magnetite and initial arsenic 
concentration, or reaction times. It appears that as dose, normalized by surface area, 
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Figure 4.1 Comparison of percent removals of As(V) based on magnetite dosing by surface area 
(Hadnagy 2004, Yean, et al. 2005) 
4.2 Optimizing pH and ORP Conditions to Minimize Iron Dissolution 
The objective of the bench-scale study was to determine the effect of water 
quality conditions, specifically pH and oxidant type, or redox conditions, on iron 
dissolution in an attempt to optimize water quality conditions in an arsenic adsorption 
system. The study concluded that dissolved iron concentrations decreased with increasing 
pH and with the use of a stronger oxidant, or higher redox conditions. Recommendations 
were made that further experiments utilize a solution pH of 7 in order to minimize iron 
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dissolution and keep dissolved iron concentrations below the EPA's secondary 
contaminant level of 0.3 mg/L. 
The experiment was run as a replicated full factorial experiment with five settings 
for pH and two settings for oxidant type, for a total of 4 runs and 20 sampling events, or 
trials. The pH ranged from 6 to 8 and the oxidants analyzed were chlorine (HOCl) and air 
(D.O.). The full factorial experiment resulted in 25 sampling events, or trials, due to extra 
samples required for QA/QC purposes. The experiment was also expanded to include 3 
subsequent runs attempting to explain results from the initial full factorial experiment. 
The results from the initial full factorial experiment are discussed first, followed by a 
discussion of the "NaOCl Assessment" run, the "NaOCl Optimization" run, and finally 
the "Air Flow Rate Assessment" run. Water quality data as well as tabulated results from 
all experimental runs can be found in Appendix C. 
4.2.1 Full Factorial Experimental Results 
In the initial full factorial experiment, dissolved iron concentrations in the system 
appear to be impacted by solution pH and oxidant type, or redox conditions, as expected. 
Concentrations increased with decreasing pH for both oxidants, as is evident in Figure 
4.2. It also appears, from Figure 4.2, that dissolved iron concentrations are higher in the 
runs with HOCl as the oxidant than the runs with D.O. as the oxidant. A statistical 
analysis of variance (ANOVA) found that pH was a more significant factor than oxidant 
type in the full factorial experiment. 
A large contribution to the variation in dissolved iron concentration results was 
found to be from error (46.8%). The significance of error on the results led to further 
analysis of water quality data within the experimental runs. It was concluded that 
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elevated redox conditions were not maintained throughout the HOCl runs, and further 








• HOCl (Eh: 0.376-1.06V) 
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Figure 4.2 Water quality effects on dissolved iron concentrations (Data points represent average 
concentrations from duplicate runs, and error bars represent one standard deviation); [ZVI] = 
200mg/L, Ionic strength = 0.005M, Alkalinity = 50mg/L as CaC03, Temp = 20°C±1, 
Pretreatment times = 2 hours for HOCl (70.45mg HOCl/L) and 15 hours for D.O. (WLpm) 
Analysis of Variance. The results from the initial full factorial experiment were 
input into the statistical program JMP for analysis. The data was analyzed in the fit model 
platform as a full factorial experiment by standard least squares. The first analysis was 
performed with dissolved iron concentrations as the response variable, and pH and 
oxidant as nominal effect variables. A second analysis was performed with dissolved iron 
concentration as the response variable again, but observed pH and Eh as continuous 
effect variables. The two different analyses were performed to determine if differences in 
expected and observed pH and redox conditions resulted in different findings as to the 
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significance of the factors. It must be noted that all dissolved iron concentrations that 
were reported as being below the reportable limit of 0.05 mg/L were input as 0.05 mg/L 
so that the statistical analysis could be performed. In both of these models, the interaction 
term was deemed insignificant due to p-values of 0.61. The ANOVA tables for those 
models can be found in Appendix C. The interaction was therefore removed from the 
model. The results shown are from the models rerun without the interaction term. 
The ANOVA tables from the first and second analyses are shown in Table 4.4 and 
4.5, respectively. In both analyses, pH was found to be significant while oxidant type and 
observed redox conditions were not significant due to their respective p-values and 
percent contributions to the total sum of squares. 
Error was found to contribute 46.8 and 64.4% of the variation in the dissolved 
iron concentrations in the analysis of pH and redox as nominal and continuous variables, 
respectively, as seen in Tables 4.4 and 4.5. The high error, or unexplained variation, may 
be attributed to analytical error, the exclusion of a variable of importance, or the lack of 
control of a variable of interest. As the samples were sent to EAI under strict QA/QC 
protocols that were not violated in this experiment, the analytical procedures were not 
considered a source of error. As temperature as well as metal-ligand complexing agents 
were held constant in this study, pH and redox conditions were considered the two 
variables of interest for iron solubility. Exclusion of a variable of interest was therefore 
not considered a source of error. The error therefore must be due to a lack of control of a 
variable of interest. Further analysis of the experimental conditions throughout the runs 
must be considered, and will be discussed in the following section. 
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Table 4.4 ANOVA table from the full factorial analysis of dissolved iron concentration results 





















































Influence of Oxidant Type. Upon analysis of the dissolved iron results based on 
oxidant type, it appeared that the high statistical error, observed in Table 4.4, as well as 
high dissolved iron concentrations and variations within the HOCl runs, observed in 
Figure 4.3, were due to the dramatic decreases in redox conditions experienced in the 
HOCl runs. This was supported by a statistical analysis of the data in those runs, which 
found that pH and redox conditions contributed almost equally to the variation in 
dissolved iron concentration results. This is also supported by the iron speciation diagram 
in Figure 2.5. As redox conditions decrease, more of the iron would be in the dissolved 
ferrous state, increasing the dissolved iron concentrations in the system. 
Dissolved iron concentrations remained below EPA's secondary standard of 0.3 
mg/L in all runs when air was bubbled into the system and dissolved oxygen (D.O.) was 
considered the oxidant, while concentrations climbed to a maximum of 1 mg/L in runs 
where NaOCl was added and HOCl was considered the oxidant. The high concentrations 
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in the HOCl runs were unexpected, as HOCl is a stronger oxidant than D.O., confirmed 
by the higher redox conditions observed in these runs, shown in the key in Figure 4.2. 
Equation [4.1] is the general redox half-cell reaction that describes the speciation 
of oxidized iron according to a system's oxidation-reduction potential (ORP). It must be 
noted that this equation does not consider possible ligand or pH effects on iron speciation 
and dissolution. According to Le Chatelier's principle and equation [4.1], as redox 
conditions, or pe, increases, the concentration of e" decreases, and equation [4.1] 
stabilizes itself by increasing the ratio of ferric iron, or Fe3+, to ferrous iron, or Fe2+. 
Fe3+ + e~^Fe2+ (EH° = 769mV) [4.1] 
Because ferric hydroxide species have a lower solubility than ferrous hydroxide species, 
it was therefore expected that dissolved iron concentrations would be lower under 
increased redox conditions, such as those experienced when using HOCl as an oxidant 
compared to D.O. In reality, the opposite was observed in this study, as conditions in the 
HOCl runs resulted in higher dissolved iron concentrations than in the D.O. runs, as 
observed in Figure 4.2. Due to these findings, results from the duplicate HOCl runs were 
analyzed individually. 
The results from the duplicate HOCl runs, described as HOCl Run 1 and Run 2, 
are plotted in Figure 4.3. It is evident that dissolved iron concentrations increased with 
decreasing pH as was previously observed in Figure 4.2, but within the runs, the changes 
in dissolved iron concentrations appear to be more erratic than before. In order to 
understand the high variability in dissolved iron concentration within the duplicate HOCl 
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Figure 4.3 pH impacts on dissolved iron concentrations for duplicate HOCl runs; [ZVI] = 
200mg/L, Ionic strength = 0.005M, Alkalinity = 50mg/L as CaCO}, Temp = 20°C+1, 
Pretreatment time = 2 hours 
In HOCl Run 1, dissolved iron concentrations appear to have increased when 
elevated redox conditions in the system were lost. Although concentrations also increase 
with decreasing pH conditions, as previously observed, redox conditions appear to play a 
more significant role. Dissolved iron concentrations began to increase in the sample taken 
at a solution pH of 7, as observed in Figure 4.3, which was roughly 3 hours and 10 
minutes into the experiment. A significant decrease in EH, from roughly 1.0 to 0.4V, 
occurred just after 3 hours into the experiment, as observed in Figure 4.4a. Although the 
observed EH was recorded as 0.94V at the time the sample was taken, redox conditions 
may have begun decreasing during the sampling event. Redox conditions remained below 
0.4V for the samples taken at solution pH conditions of 6.5 and 6, where dissolved iron 
concentrations were observed to be 0.32 and 1.0 mg/L, respectively. It is hypothesized 
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that the redox probe was initially corresponding to the chlorine redox couple, and 
therefore the drop in redox conditions observed was due to a loss of free chlorine in the 
system. After the loss of free chlorine, the redox probe began to correspond to the iron 
and oxygen redox couples in the system, which were at a much lower redox potential. It 
is also hypothesized that as the chlorine redox couple was lost, ferric iron species on the 
surface of the ZVI were reduced to ferrous iron species, which have a much higher 
solubility, therefore increasing the solutions total dissolved iron concentration. 
A similar observation was made in HOCl Run 2. Dissolved iron concentrations 
remained below the reportable limit (0.05 mg/L) throughout the experimental run until 
the final three samples were taken, all at a solution pH of 6. The first two samples were 
taken roughly 3 hours and 50 minutes into the experiment, when EH solution conditions 
were observed to be 0.976 and 0.918V, respectively. The redox conditions began to drop 
significantly after the first of these two samples was taken, as observed in Figure 4.4. The 
redox conditions stabilized at a solution EH of 0.502V, after which a third sample was 
taken. The dissolved iron concentrations for these samples were found to be < 0.05, 0.85, 
and 0.33 mg/L, respectively The reason for variation in the dissolved iron concentrations 
is hypothesized to be due to the significant drop in EH conditions, from roughly 1.0 to 
0.5V, which occurred during this sampling event in the experiment. 
It is unclear why the dissolved iron concentration in the second sample was higher 
than the final sample taken at a solution pH of 6, as redox conditions were higher in the 
second sample, and therefore dissolved iron concentrations were expected to be lower, as 
previously discussed. One hypothesis is that a portion of the ferric iron was reduced to 















Figure 4.4 pH and redox conditions for duplicate HOCl runs a) Run 1 and b) Run 2; [ZVI] 
200mg/L, Ionic strength = 0.005M, Alkalinity = 50mg/L as CaC03, Temp = 20°C±I, 
Pretreatment times = 2 hours, Initial chlorine dose = 70.45mg HOCl/L 
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time that the ferrous iron was speciating and precipitation. Once the solution came to 
equilibrium, the dissolved iron concentration was lower due to the precipitation of the 
newly reduced ferrous iron species. Another explanation could be sampling error. Either 
way, the dissolved iron concentrations sampled at a solution pH of 6 increased at the 
same time a drastic decrease in redox conditions was experienced. 
A statistical ANOVA was also performed on the dissolved iron results from the 
HOCl duplicate runs. The results were analyzed in the statistical program JMP under the 
Fit Model platform. Dissolved iron concentration was the continuous response variable 
and observed pH and EH conditions were continous effect variables. An interaction term 
was used in an initial model, but with a p-value of 0.34, was not found to be of 
significance, and was removed from the subsequent model. Results from the first model 
can be found in Appendix C. Results from the subsequent model, shown inTable 4.5, 
found both pH and redox conditions, or EH, to have similar p-values and percent 
contributions. The increase in significance of redox conditions and error in these runs, 
compared to the analysis of the full factorial experimental results, shows that the 
instability of the redox conditions in the HOCl runs had a significant effect on the results 
from both the HOCl runs as well as the entire experiment. 
Table 4.5 ANOVA table from the analysis of dissolved iron concentration results from the HOCl 


























4.2.2 Assessment of Experimental Conditions 
Upon analysis of the results based on oxidant type, it appeared that dramatic 
decreases in redox conditions were an issue, particularly during runs where HOCl was the 
oxidant. Due to these findings, further experiments were required to analyze the 
experimental conditions thought to be sufficient to maintain elevated redox conditions 
throughout the experimental runs. The results from these runs, described as the "NaOCl 
Assessment" and "NaOCl Optimization" runs, are discussed in the following sections. 
Results from the "Air Flow Rate Assessment" run will also be discussed. This run 
provided an assessment of the effect of air flow rate on dissolved iron concentrations. 
NaOCl Assessment and Optimization Runs. The NaOCl Assessment and 
Optimization runs verified the hypothesis made to explain the dramatic decreases in 
redox conditions that occurred in the runs with HOCl as an oxidant. It was hypothesized 
that the free chlorine (HOCl) was being depleted through oxidation/reduction reactions 
with iron, observed in equations [4.2] and [4.3]. The hypothesis predicted that the initial 
HOCl concentration was not high enough to maintain HOCl residual and elevated redox 
conditions. Once the iron oxidation reactions depleted the HOCl residual, equilibrium 
was lost, and redox conditions in the system began to drop. The runs also concluded that 
a chlorine dose of 1.67 mg as NaOCl per mg ZVI provided elevated redox conditions 
throughout the experiment. Dissolved iron concentrations remained well below the 
EPA's secondary standard of 0.3 mg/L in the NaOCl Optimization run using the new 
chlorine dose. 
Fe(s) + HOCl + H+ ^ Fe2+ + Cl~ + H20 [4.2] 
2Fe2+ + HOCl + H+ «-» 2Fe3+ + H20 [4.3] 
122 
The pH and EH data from the NaOCl Assessment run, observed in Figure 4.5, 
showed that elevated redox conditions were maintained in the system for nearly 24 hours. 
These elevated redox conditions were maintained in a system that replicated the 
conditions and procedure of the HOCl runs in the full factorial experiment, but without 
iron. This verified that the HOCl oxidation reactions with iron caused the decrease in 
redox conditions in the previous runs, which is believed to be the reason for the increased 
dissolved iron concentrations observed in those runs. 
It was concluded from the NaOCl Assessment run that the oxidation reactions 







fir^l ^J I 
pH 
Eh 
-i 1 1 1 1 1 1 1 1 1 1 1 1—-1 1 • 1 • 1 1 r 










Figure 4.5 pH and EH data from the "NaOCl Assessment" run; Ionic strength = 0.005M, 
Alkalinity = 50mg/L as CaC03, Temp = 20°C±1, Pretreatment time = 2 hours, Initial chlorine 
dose = 70.45mg/L as HOCl 
123 
factorial experiment, and that in order to alleviate those issues, the chlorine dose would 
have to be stoichiometrically adjusted based on the ZVI concentrations in the system. The 
final stoichiometrically balanced equation between HOCl and ZVI is shown as equation 
[4.4]. Calculations, observed in Appendix C, concluded that 1.67 mg NaOCl per mg ZVI, 
or 16.7 mL of a 6% NaOCl solution was required to stochiometrically balance equation 
[4.4] in a 3L solution with an initial ZVI concentration of 200 mg/L. It must be noted that 
the dosing calculation is conservative as it was made under the assumption that HOCl 
was the only oxidant in the system. 
4Fe(s) + 5HOCI + 5H+ <-> 2Fe2+ + 2Fe3+ + 5Cl~ + SH20 [4.4] 
The "NaOCl Optimization" run, utilizing the adjusted chlorine dose, maintained 
elevated redox conditions throughout the experimental run, observed in Figure 4.6a. The 
drop in redox conditions that occurred in the full factorial duplicate runs with HOCl as an 
oxidant was not observed in this run. The ORP data in Figure 4.6a shows that the redox 
probe was able to correspond to the chlorine redox couple throughout the experimental 
run, indicating that free chlorine was not lost. Dissolved iron concentrations, observe in 
Figure 4.6b, ranged from less than 0.01 (below detection limit) to 0.09 mg/L, which were 
well below concentrations previously observed in runs with HOCl as an oxidant. It must 
be noted that the detection limit for dissolved iron decreased from 0.05 to O.Olmg/L 
between conducting the full factorial experiment and the "NaOCl Optimization" run. 
Influence of Air Flow Rate. The "Air Flow Rate Assessment" run concluded that 
a difference in air flow rate from 10 to 3 Lpm did not have a distinguishable effect on 
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Figure 4.6 a) Dissolved iron results and b) pH and EH data from the "NaOCl Optimization" run; 
Ionic strength = 0.005M, Alkalinity = 50mg/L as CaC03, Temp = 20°C±1, Pretreatment time = 
2 hours, Initial chlorine dose = 70.45mg HOCl/L 
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experiment was performed using the same procedure as the full factorial experimental 
runs with D.O. as an oxidant, except the air flow rate was reduced from 10 to 3 Lpm. 
Dissolved iron concentrations in the "Air Flow Rate Assessment" run ranged from less 
than 0.01 (below detection limit) to 0.23 mg/L. The dissolved iron results from the "Air 
Flow Rate Assessment" run were below those observed in the full factorial runs with 
D.O. as an oxidant, observed in Table 4.6. Again, it must be noted that the minimum 
reportable level decreased from 0.05 to 0.01 mg/L between the full factorial experimental 
runs and the "Air Flow Rate Assessment" run. 
Table 4.6 Dissolved iron results from the "Air Flow Rate Assessemnt" run and the duplicated 
D.O. runs from the initial full factorial experiment; [ZVI] = 200mg/L, Ionic strength = 0.005M, 
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The results in experiment was performed using the same procedure as the full factorial 
experimental runs with D.O. as an oxidant, except the air flow rate was reduced from 10 
to 3 Lpm. Dissolved iron concentrations in the "Air Flow Rate Assessment" run ranged 
from less than 0.01 (below detection limit) to 0.23 mg/L. The dissolved iron results from 
the "Air Flow Rate Assessment" run were below those observed in the full factorial runs 
with D.O. as an oxidant, observed in Table 4.6. Again, it must be noted that the minimum 
reportable level decreased from 0.05 to 0.01 mg/L between the full factorial experimental 
runs and the "Air Flow Rate Assessment" run. 
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Table 4.6 were not expected, as the lower flow rate was expected to produce 
lower redox conditions and therefore higher dissolved iron concentrations. In the "Air 
Flow Rate Assessment" run, the flow rate was set at 3 Lpm prior to the allotted 
pretreatment time of 15 hours. When the setting was checked after 15 hours, the flow rate 
had decreased to roughly 1 Lpm. It appeared that the laboratory compressed air had 
fluctuated throughout the pretreatment time and therefore it could not be concluded that 
the flow rate was constant at 3 Lpm throughout the pretreatment period. It was assumed 
that the flow rate was between 0 and 3 Lpm during the pretreatment period. The flow rate 
was adjusted to 3 Lpm for the remainder of the experiment. Even with the unsteady flow 
rates throughout the pretreatment period, the redox conditions did not appear to fluctuate 
significantly throughout the experiment, as observed in Figure 4.7. The EH decreased to 
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Figure 4.7 pH and EH data from the "Air Flow Rate Assessment" run; [ZVI] = 200mg/L, Ionic 
strength = 0.005M, Alkalinity = 50mg/L as CaC03, Temp = 20°C±1, Pretreatment time = 15 
hours, Air = 3Lpm 
4.2.3 Analysis of Variance (All Experimental Results) 
It was concluded that dissolved iron concentrations in the system were 
significantly impacted by pH, oxidant type, as well as the interaction between pH and 
oxidant type. The conclusions were based on an ANOVA performed on selected 
experimental results, observed in Table 4.7, which found significant p-values of less than 
0.05 for pH, oxidant type, and their interaction. High percent contributions for the 
variables and their interaction supported these claims. Also, error was reduced in the 
experimental results, with a contribution of 16.9% from this analysis compared to 46.8 to 
64.4% for the full factorial experiment. The reduction in error verifies the fact that 
variables were better controlled in subsequent experimental runs compared to the full 
factorial experiment. 
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Table 4.7 ANOVA based on a full factorial experimental results with pH and oxidant type as 































The ANOVA was performed to include the results from the full factorial 
experiment as well as the experimental runs performed for the assessment of 
experimental conditions. Results from the duplicate HOCl runs from the full factorial 
experiment were not included due to the instability of redox conditions in those runs. 
Also, dissolved iron results that were reported below 0.05 mg/L in the experimental runs 
for the assessment of experimental conditions were analyzed at 0.05 mg/L in the 
ANOVA. The results were adjusted accordingly so that the statistical findings were not 
confounded by the decrease in the reportable limit of iron by EAI between the full 
factorial experiment and subsequent experimental runs. The results were input into the 
statistical program JMP for analysis, and the data was analyzed in the fit model platform 
as a full factorial experiment by standard least squares. The analysis was performed with 
dissolved iron concentration as the continous response variable and pH and oxidant type 
as nominal effect variables. 
As previously stated, pH, oxidant, and the interaction between pH and oxidant 
type were found to be significant variables in the resulting dissolved iron concentrations, 
according to in Table 4.7. From the p-values observed in Table 4.7, pH appears to be the 
most significant factor, followed by the interaction between pH and oxidant type and 
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finally oxidant type. One reason that oxidant type had a lower level of significance in the 
analysis may be that there was only one degree of freedom for oxidant type as opposed to 
4 for pH. This was due to the fact that only two oxidants were analyzed. Larger 
significance may have been observed if the range of experimental redox conditions was 
expanded. The same is true for the pH range. The results are dependent on the limits of 
the experimental range for pH, which must be taken into consideration when analyzing 
the results. It again must be noted that much of the data used in the analysis was below 
the reportable limit and therefore does not realistically portray the dissolved iron 
concentrations in the system. 
Significance of Variables. Although a model was not constructed to describe the 
effects of water quality (pH, oxidant, and their interaction) on dissolved iron 
concentrations, there appear to be general trends within the results. Dissolved iron 
concentrations appear to decrease with increasing solution pH from 6 to 8, for both 
oxidants, as well as decrease with increasing oxidant strength. HOCl was considered a 
stronger oxidant than D.O. due to redox half-cell reaction constants, supported by 
observed EH data throughout the experimental runs. 
The effect of pH on dissolved iron concentrations verified expected results. The 
decreasing dissolved iron concentrations with increasing pH conditions from 6 to 8 
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Figure 4.8 Dissolved iron concentration versus pH for ferrous (Fe2+) and ferric (Fe3+) iron species 
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Figure 4.9 Predominance speciation diagram for iron species (exluding minerals) 
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solubility data in Figure 4.8 is modeled for iron hydroxide species only. It must be noted 
that Figure 4.8 models the solubilities of ferrous and ferric species independent of one 
another, and does not portray a realistic scenario. It is meant solely as a reference to 
ferrous and ferric hydroxide species minimum solubility ranges. Figure 4.8 indicates that 
ferrous iron species reach a minimum solubility at pH conditions between 10 and 11, and 
ferric iron species reach a minimum solubility at pH conditions between 4 and 8. Total 
dissolved iron concentrations in an aqueous iron redox couple, considering only iron 
hydroxide species, are the sum of ferrous and ferric species, and therefore decrease with 
increasing pH to a minimum concentration at a pH between 10 and 11. 
The effect of oxidant on dissolved iron concentrations also verified expected 
results. Redox conditions effects on dissolved iron concentrations were previously 
discussed in Section 4.2.2. The discussion is further supported by the predominance of 
ferric hydroxide precipitates at higher redox conditions within the pH range analyzed in 
this study, observed in Figure 4.9. 
4.3 Evaluating Arsenic Adsorption Kinetics by ZVI 
The objective of this bench scale study was to determine the effect of several 
water quality and operational variables on the kinetics of arsenic adsorption by ZVI. The 
variables evaluated in the experiment included oxidant type, or redox conditions, ZVI 
pretreatment time, and anion competition with arsenic. The results from the study 
evaluating the effect of oxidant type/redox conditions will be discussed first, followed by 
discussions of the studies analyzing the effect of bubbling diffused air, the effect of ZVI 
pretreatment times, and finally the effect of fluoride, a potentially competitive anion. All 
data associated with the results and discussion for this study can be found in Appendix D. 
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4.3.1 Effect of Oxidant Type/Redox Conditions 
The first set of experimental runs in the kinetic study, whose results are observed 
in Figure 4.10a, found that arsenic adsorption kinetics were significantly impacted by 
oxidant type, or redox conditions, under the experimental conditions analyzed in this 
experiment. It was also evident from Figure 4.10a that a stronger oxidant, while 
providing increased redox conditions, yielded increased arsenic adsorption kinetics by 
ZVI. The type of oxidant used, which again dictated redox conditions, also impacted the 
kinetic reaction order of the arsenic adsorption reaction. The arsenic adsorption reaction 
was found to follow first-order kinetics, with a rate constant of 4.48E-03 min"1, in runs 
that D.O. was the oxidant. Results from HOCl and D.O. runs were difficult to statistically 
compare due to the non-linearity of the HOCl plot. Conclusions could not be drawn 
addressing the impact of oxidant type, or redox conditions, on arsenic adsorption 
capacities by ZVI, as adsorption equilibrium conditions were not achieved in the 5 hour 
experimental time. 
The oxidants analyzed in this study were the same as those analyzed in the iron 
dissolution experiment. The first was dissolved oxygen (D.O.), achieved by bubbling 
diffused air into the reaction volume, and the second was free chlorine, or hypochlorous 
acid (HOCl), introduced to the reaction volume as a solution of NaOCl. It is apparent in 
Figure 4.10 that much more rapid arsenic removals were achieved by ZVI in HOCl runs 
than D.O. runs. Average arsenic removals of greater than 50% were achieved within one 
minute of reaction time with ZVI when using HOCl as an oxidant, while the same 
removals took roughly one hour when using D.O. Removals of 81.5% and greater than 
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99.9% were achieved after the five hour reaction time when using D.O. and HOCl as 
oxidants, respectively. 
The more rapid arsenic removals achieved when using HOCl as an oxidant as 
opposed to D.O. are most likely due to increased oxidation conditions observed in these 
runs. Observed oxidation potentials ranged from 0.87 to 1.1V for HOCl runs compared to 
0.13 to 0.21V for D.O. runs, as observed in Figures 4.10a and b. Increased oxidation 
potentials have been shown to increase iron corrosion production, producing more freshly 
corroded ferrous and ferric (hydr)oxides that are known to play a significant role in the 
adsorption kinetics of arsenic by ZVI (Kanel, Manning, et al. 2005). Bang, et. al. (2005) 
noted that the "removal of arsenic by Fe(0) was attributed to adsorption by iron 
hydroxides generated from the oxic corrosion of Fe(0)." The pretreatment times allow for 
the corrosion of the ZVI to these influential hydroxide species. 
The arsenic adsorption reaction with ZVI appears to follow first-order kinetics for 
the runs when D.O. was the oxidant, as observed in Figure 10b. The first-order kinetics 
are characterized by the linear nature of the data when modeling the results as the natural 
logarithm of the ratio of arsenic remaining in solution, or ln(C/Co), versus time. The 
arsenic adsorption reaction from the HOCl runs does not appear to follow the same 
reaction order. This is apparent with the non-linearity of the data observed in Figure 10b 
for those runs. 
First-order kinetic reactions in a completely-mixed batch reactor are characterized 
by the rate expression shown in equation [4.5], and described by the integration of that 
equation, whose solution is shown in equation [4.6]. The units for the rate constant in a 
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Figure 4.10 Arsenic results displayed as a) percent removals and b) first-order kinetics from the 
assessment of oxidant type on arsenic adsorption kinetics by ZVI; [As]=2mg/L, [ZVI]=200mg/L, 
pH=7.1+0.1, Ionic strength=0.005M, Alkalinity=5Omg/L as CaC03, Temp=20°C±l, 
Pretreatment times=2 hours for HOCl (70.45mg/L) and 15 hours for D.O. (300sccm) 
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function of time will result in a linear relationship whose slope is equal to the first-order 
rate constant, k, and intercept, b, is equal to zero (Crittenden, et al. 2005). 
r = -kC = dC/dt [4.5] 
C/C0 = e~kt+b [4.6] 
A linear regression model was fit to the data from the D.O. runs, resulting in 
equation [4.7]. With an r2 value of 0.993, it appears that the first-order linear regression 
model fits the data well. The reaction equation resulted in a first-order kinetic constant of 
0.0045 min"1. The only unexpected result is the intercept, which was not equal to zero. 
The intercept may be dictated by another variable. First-order kinetics will continue to be 
used to model the arsenic adsorption reaction with ZVI when oxidized by D.O. 
C/C0 = e(-4.48ie-3)t-o.353 [ 4 7 ] 
Diffused Air Assessment. The diffused air assessment study, whose results are 
plotted in Figure 4.11, concluded that the kinetics of arsenic adsorption by ZVI were not 
impacted by the introduction of diffused air into the system at 300 seem compared to no 
air under the conditions analyzed in this experiment. Mixing alone provided the 
conditions necessary to achieve the arsenic adsorption reaction kinetics. 
The lack of significance from bubbling air is further verified upon fitting the data 
from the runs with and without the introduction of diffused air into the system, from 
Figure 4.11, with linear regression models. The models, observed in equations [4.7] and 
[4.8], fit the data from those runs well, with r2 values of 0.993 and 0.977, respectively. 
The first-order rate constants of 0.0045 and 0.0048 min"1 and intercepts of 0.353 and 
0.350 were very similar for the adsorption reaction models from the runs with and 
without diffused air, respectively. The similarity in reaction constants again verifies the 
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lack of significance of diffused air on the arsenic adsorption reaction with ZVI under the 
conditions analyzed in this experiment. 
C/C0 = e ( -4 .48 i e - 3 ) t -0 .353 [ 4 7 ] 
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Figure 4.11 Arsenic results from the assessment of diffused air on the kinetics of arsenic 
adsorption by ZVI; [As]=2mg/L, [ZVI]=200mg/L, pH=7.1+0.1, Ionic strength=0.005M, 
Alkalinity=5Omg/L as CaC03, Temp=20°C±l, Pretreatment time= 15 hours 
The lack of significance from the introduction of diffused air may be explained 
by the redox conditions observed throughout the experiment. The redox conditions in 
these runs do not appear to be effected by the introduction of diffused air into the system. 
Oxidation potentials vary between 0.11 and 0.21V, and 0.12 and 0.22V, for the runs with 
and without diffused air, respectively.The EH ranges for the runs are shown in the key in 
Figure 4.11. These results indicate that mixing alone in this experiment provided the 
137 
solution with the oxidation conditions observed, and that bubbling diffused air had little 
effect on the adsorption kinetics. 
Expanded Oxidant Assessment The hypothesis that oxidant type, or redox 
conditions, effects the kinetics of arsenic adsorption by ZVI was further supported in 
Figure 4.12. It is evident from Figure 4.12, which compared experimental results from 
this experiment to those from Le Roux (2005), that stronger oxidants improved arsenic 
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Figure 4.12 Results form the expanded oxidant assessment. Data obtained from oxidant 
assessment study and Le Roux (2005). Experimental conditions for HOCl and Air; [As]=2mg/L, 
[ZVI]=200mg/L, pH=7.1+0.1, Ionic strength=0.005M, Alkalinity=50mg/L as CaC03, 
Temp=20°C+l, Pretreatment time= 2 hrs (HOCl) or 15 hrs (D.O.) 
The results used for the expanded comparison of oxidant type were obtained from 
a study that analyzed the effect of pH conditions on arsenic adsorption kinetics under 
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anaerobic and aerobic conditions. The anaerobic and aerobic conditions were achieved by 
bubbling nitrogen or oxygen gas, respectively, into reactors with initial arsenic and ZVI 
concentrations of 3.2 mg/L and 200 mg/L, respectively (Le Roux 2005). The ZVI used by 
Le Roux (2005) had a slightly smaller nominal size than that used in this study (< 40 
mesh), as it was sieved to less than 50 mesh. The data used in Figure 4.12 was taken from 
runs in which the solution was held at a pH of 7 throughout the experiment. All other 
experimental conditions between runs were the same. 
Results in Figure 4.13 appear to verify that oxidant type has an impact on arsenic 
adosrption kinetics by ZVI. The most rapid arsenic adsorption reaction by ZVI was 
observed in the runs where HOCl was the oxidant. Adsorption kinetics appear to decrease 
in experimental runs in which 02(g), air, and N2(g) were introduced into the systems, 
respectively. These observations were quantified by first-order rate constants, shown in 
Table 4.8, which also decrease in the same fashion. Linear regression models were fit to 
the data in Figure 4.12 for these three runs, and the resulting first-order rate constants, 
intercepts, and r2 values are shown in Table 4.8. It appears that the first-order models fit 
the data well for the runs where 02(g) and air were oxidants, with R2 values of 0.963 and 
0.993, respectively. The data appears to fit better than the R2 indicates for the run in 
which N2(g) was introduced into the system. This may be due to the difficulties 
associated with keeping a system anaerobic. 
The differences in reaction kinetics observed in Figure 4.12 and Table 4.8 were 
thought to be due to the use of different strength oxidants. According to the observed 
results, oxidants should be ordered from highest to lowest strength in the following order; 
HOCl > 02(g) > 02(air) > N2(g). This hierarchy is challenged by Table 4.9, which 
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characterizes the strength of the oxidants used in the experimental runs by the 
equilibrium constants of their redox half-cell reactions (Benjamin 2002). According to 
Table 4.10, the oxidants should be ordered from highest to lowest strength in the 
following order; HOCl > 02(air) > 02(g) > N2(g). 
Table 4.8 First-order kinetic consants from the extended oxidant assessment (First-order kinetic 
equation is described by equation [4.6]) 
Oxidant 
N2(g) 























HOCl + 2e~ + H+ ~ cr + H20 
02(g} + 4H + + 4e~ <-> 2H20 
02(aq) + 4H+ + 4e~ <-> 2H20 





















The discrepencies between oxidant strengths based on results and equilibrium 
constants in Table 4.10 can be explained by the experimental conditions. It must be noted 
that when free chlorine (HOCl), gaseous oxygen (02(g) ) , and diffused air (02(air)) were 
labeled as the systems oxidants, the reactor was mixed and open to the atmosphere 
throughout the experiment, allowing for the dissolution of atmospheric oxygen, further 
increasing the oxidation potential of these scenarios. This is especially prevalent in 
comparing the runs where gaseous oxygen and air were bubbled into the systems. In 
reality, the redox half-cell reaction for 0 2 (g) has a lower oxidation potential than 
dissolved oxygen, leading one to believe that the resulting oxidation conditions in the run 
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with gaseous oxygen would be lower than that with dissolved oxygen. The labels of 
02(g) and 02(air), were given to these runs primarily to qualitatively distinguish between 
the two. In reality, dissolved oxygen was most likely the primary oxidant in both of these 
runs, with gaseous oxygen potentially playing a smaller role in the oxidation reactions. 
The runs in which gaseous oxygen was bubbled most likely had a higher oxidation 
potential simply due to the fact that a higher percent of oxygen gas was present when 
pure oxygen (100% O2) was bubbled into the system as opposed to air, which has an 
oxygen content of roughly 21%. It is unkown whether the EH data from Le Roux's (2005) 
experiments were the ORP values measured by the probe or the calculated EH values. 
Therefore, the redox data was not compared and the aforementioned assumptions were 
made about the redox conditions in these scenarios. 
4.3.2 Influence of ZVI Pretreatment Time 
The next set of experimental runs in the kinetic study was intended to determine 
the effect of ZVI pretreatment time on the kinetics of the arsenic adsorption reaction with 
ZVI. ZVI pretreatment times of 2, 8, and 15 hours were analyzed in this study. D.O. was 
considered the oxidant in all runs, as diffused air was bubbled into the system at 300 
seem throughout the experimental runs. The study, whose results are shown in Figure 
4.13, found that ZVI pretreatment time had an effect on the kinetics of arsenic adsorption 
by ZVI. It appears that arsenic adsorption reaction kinetics increase with decreasing ZVI 
pretreatment times, from 15 hours to 2 hours, respectively, under the experimental 
conditions analyzed in this study. Iincreased dissolved iron concentrations in runs with 
shorter ZVI pretreatment times were also observed, as shown in Figure 4.14. 
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It is apparent from Figure 4.13a that ZVI pretreatment times have an effect on 
arsenic adsorption when treating ZVI prior to its reaction with arsenic. It appears, from 
Table 4.10, that shorter pretreatment times yielded lower initial arsenic removals, but as 
reaction time increases, the reverse relationship is observed. Arsenic removals of 27.5, 
20, and 10% wer observed after one minute of reaction time with ZVI pretreated for 15, 
8, and 2 hours, respectively. This relationship between ZVI pretreatment times and 
removals was observed in the ZVI pretreatment runs until roughly 15 and 30 minutes into 
the experiment for the 8 and 2 hour ZVI pretreatment runs, respectively, after which 
higher arsenic removals were observed in each of these runs than the 15 hour 
preatreatment time run. After five hours, arsenic removals of 81.5, 99.6, and greater than 
99.9% were achieved by ZVI pretreated for 15, 8, and 2 hours, respectively. 







































ZVI pretreatment times appear to have an effect on rate constants for the kinetic 
models used to describe the adsorption reactions, observed in Table 4.11. Data in Figure 
4.13b was fit with linear regression models in order to determine the effect that ZVI 
pretreatment time was having on first-order kinetic models. The models appear to fit the 
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Figure 4.13 Arsenic removals as a) percent removals and b) log(C/Co) for the 
experiment analyzing the effects of pretreatment times on kinetics of arsenic adsorption 
by ZVI; [As]=2mg/L, [ZVI]=200mg/L, pH=7.1+0.1, Ionic strength=0.005M, 
Alkalinity=5Omg/L as CaCOi, Temp=20°C+l, Airflow rate=300sccm 
143 
and 15 hours, respectively. The differences in kinetics are evident by the increasing rate 
constants with decreasing pretreatment times. It must also be noted that the intercepts of 
the kinetic equations come increasingly closer to zero as the pretreatment time decreases, 
as observed in Table 4.11. 
Table 4.11 First-order kinetic equation modeling for data from pretreatment study 
Pretreatment Time, 
Setting 
2 Hours, Low 
8 Hours, Medium 
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Figure 4.14 Dissolved iron results from the experiment analyzing ZVI pretreatment times effect 
on arsenic adsorption kinetics; [As]=2mg/L, [ZVI]=200mg/L, pH-7.1+0.1, Ionic 
strength=0.005M, Alkalinity<=50mg/L as CaC03, Temp=20°C±l, Airflow rate=300sccm 
The increase in reaction kinetics with shorter ZVI pretreatment times, observed in 
this experiment, is most likely due to ZVI aging. As iron ages, it forms more structured, 
crytalline products, which appear to have slower kinetics in the adsorption reaction with 
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arsenic. It has been noted in other studies and previously discussed in the oxidant 
comparison study, that freshly corroded ferrous and ferric (hydr)oxides are known to play 
a significant role in the adsorption kinetics of arsenic by ZVI (Kanel, Manning, Charlet, 
& Choi, 2005). 
Analysis of dissolved iron results from this study, observed in Figure 4.14, reveal 
that shorter pretreatment times also correspond to higher dissolved iron concentrations. 
Dissolved iron concentrations reached a maximum of 0.42, 0.09, and 0.07 mg/1 in the 2 
hour, 8 hour, and 15 hour pretreatment time runs roughly 30 minutes into the reaction in 
both the 2 and 8 hour pretreatment runs. Similar results were seen in a study that 
analyzed factors influencing arsenite removal by ZVI (Yu, Amrhein, et al. 2006). It is 
hypothesized that the redox reactions occurring at the surface of the ZVI particles are 
influenced by the age of the ZVI corrosion products. Freshly corroded iron reacts more 
significantly with the arsenic in solution, reducing some of the ferric iron species to the 
ferrous state, increasing the dissolved iron concentration in solution temporarily, until the 
ferrous species are again oxidized to a ferric state. 
4.3.3 Fluoride Competition 
The final objective of the kinetic study was to determine the effect of a potentially 
competitive anion, fluoride, on the kinetics of arsenic adsorption by ZVI. In this 
experiment, as described in Section 3.3, three different fluoride concentrations were 
analyzed (0, 2, and lOmg/L). The experiment used D.O. as an oxidant by bubbling 
diffused air into the system at 300sccm throughout the experiment, and a ZVI 
pretreatment time of 15 hours was utilized for this objective. The results, observed in 
Figure 4.15 and 4.16, concluded that fluoride was not removed by ZVI and arsenic 
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adsorption was not impacted by the addition of fluoride under the conditions analyzed in 
the study. It appears that fluoride is not a competitive ion in the arsenic adsorption 
reaction with ZVI under the conditions analyzed in this study. 
It is apparent from Figure 4.15 that ZVI does not appear to adsorb fluoride, at 
initial concentrations of either 2 or 10 mg/L, under the conditions analyzed in this 
experiment. Fluoride concentrations remained at 2.1 mg/L, and between 9.6 and 9.7 mg/L 
throughout the experiment for the 2 and 10 mg/L fluoride runs, respectively. 
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Figure 4.15 Fluoride results from the experiment analyzing the effects of fluoride competition on 
arsenic adsorption kinetics by ZVI; [As]=2mg/L, [ZVI]=200mg/L, pH=7.1+0.1, Ionic 
strength=0.005M, Alkalinity>=50mg/L as CaC03, Temp=20°C±l, Airflow rate=300sccm, 
Pretreatment time=15 hours 
It also appears that the initial fluoride concentrations of 2 and 10 mg/L do not 
have a significant impact on arsenic removals by ZVI, as seen in Figure 4.16. It does 
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Figure 4.16 Arsenic removals displayed as a) % removal and b) log(C/Co) from the fluoride 
competition study on arsenic adsorption kinetics by ZVI; [As]=2mg/L, [ZVI]=200mg/L, 
pH=7.1±0.1, Ionic strength^.005M, Alkalinity=50mg/L as CaCO}, Temp=20°C+l, Airflow 
rate=300sccm, Pretreatment time=15 hours 
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run, but that is believed to be due to normal random variance. Kinetic models for the 
arsenic adsorption reactions, derived from linear regression models fit to the data in 
Figure 4.16, appeared to fit the data well. The test of fit found R2 values of 0.993, 0.995, 
and 0.999 for 0, 2, and 10 mg/L fluoride settings, respectively. The associated rate 
constants are shown in Table 4.12, and do not appear to be effected by the addition of 
fluoride under the experimental conditions in this study, verifying the results seen in 
Figure 4.16. It appears fluoride does not compete with arsenic for adsorption by ZVI at 
the concentrations and experimental conditions analyzed in this study. It must be noted 
that the high initial arsenic concentration of 2 mg/L must be considered when interpreting 
these results, and that more significant impacts from the fluoride might be possible with 
lower, more realistic, initial arsenic concentrations. 




















4.4 Magnetic Removals of ZVI from an Arsenic Treatment Scheme 
The objective of this preliminary study was to determine if ZVI could be 
magnetically separated from a fluid stream. The study analyzed the effect of two different 
separation setups, described as the magnetic separation (MS) system and high gradient 
magnetic separation (HGMS) system. The two systems, described in detail in Section 3.4, 
were compared to controls to determine their effectiveness. Results from the two systems, 
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Figure 4.17 Iron removals from the a) MS and b) HGMS setups; [ZVI]=200mg/L, pH=71+0.1, 
Ionic strength=0.005M, Alkalinity=50mg/L as CaC03, Temp=20°C±l, Airflow rate=300sccm, 
Pretreatment time=15 hours 
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removals, while the HGMS system does appear to enhance removals, compared to their 
respective control runs. Gravitational settling was determined to have a significant effect 
on removals in all experimental runs in the study. Total suspended solids (TSS) analyses 
were used to quantify iron concentrations in the fluid stream. TSS results from the runs 
are displayed as bar charts of average TSS values with error bars indicating one standard 
deviation. All data associated with the results and discussion from this study can be found 
in Appendix E. 
The MS system does not have an effect on ZVI separation, as average removals 
were 43.7 and 56.8% for the MS system and control runs, respectively, observed in 
Figure 4.17a. Consideration of the low statistical confidence in the results must be made 
due to the high variability and low sample size for these runs. The HGMS setup appears 
to have some effect on ZVI separation, observed in Figure 4.17b, as average removals 
were 47.5 and 15.2% for the HGMS and control runs, respectively. The results were input 
to JMP and analyzed under the Fit Y by X platform for the HGMS and MS setups versus 
their respective controls, with TSS removals as the response variable. The p-value for the 
HGMS setup versus the control was 0.0014, indicating a significant difference between 
the TSS removals in the HGMS setup and the control. The analysis shows that the HGMS 
setup achieved significantly greater removals than the control. The analysis comparing 
the MS setup and the control yielded a p-value of 0.63, indicating that the TSS removals 
were not significantly different between the MS and control setups. These analyses were 
run with a 95% confidence level. 
Significance of Gravitational Settling. One consideration that must be made 
upon analyzing the results from both magnetic systems is the effect of gravitational 
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settling. Gravitational settling may be responsible for a significant portion of the 
removals observed in all experimental runs. Upon further analysis, it was conservatively 
estimated that roughly 35% of particles would be removed from the system due to 
gravitational settling under the experimental conditions analyzed in this study. 
Table 4.13 shows the smallest diameter particle calculated for ZVI and a variety 
of possible iron (oxy)hydroxide corrosion products that would settle within the reactor 
setups, assuming horizontal flow and neglecting effects of shape factors and Brownian 
motion. The derivation of data in Table 4.13 can be found in Appendix D. Particle 
settling velocities were calculated and plotted over a range of particle diameters. It was 
then possible to determine the theoretical particle sizes that would settle out via 
gravitational settling, knowing the settling velocities of the particles, the diameter of the 
reactor, and the residence time within the system. It must be noted that these calculations 
are conservative as they assume all particles enter the top of the system, assuming the 
longest possible settling distance. 
Table 4.13 Smallest settleable particle sizes for a variety ofiron corrison products in the 
















In order to further verify the role of gravitational settling in the ZVI magnetic 
removal systems, particle size distributions of ZVI filings as well as oxidized ZVI 
solutions were performed. Figure 4.18 displays the particle size distribution for the 
oxidized ZVI analyzed in this study. The ranges of particle sizes appear to follow a 
bimodal distribution, with about 35% of the particles, by volume, falling in the 50 to 400 
um nominal size range, and the other 65% falling in the 1 to 20 um range. It could be 
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estimated, from Figure 4.18, that roughly 35% of the iron particles would settle out via 
graviationaly settling alone in the systems analyzed in this study due to the fact that they 
were larger those diameters shown in Table 4.13. Assuming that the ratio of corrosion 
products, and therefore particle densities, does not change throughout the distribution of 
nominal particle sizes in Figure 4.18, the volumes can be directly related to masses. 
Results from Figure 4.17 appear to verify the theoretical estimate of 35% 
gravitational settling within the systems. The MS setup and control run both exceed the 
35% removals estimated from gravitational settling alone. This is most likely due to the 
angle of the system. As the angle of the system increases, the vertical settling distances 
decrease, and a larger percentage of the particles would settle. The reason for the 
increased removals observed in the control run in Figure 4.17a could be due to a slight 
increase in the angle of the control setup compared to the MS setup. These findings verify 
that the MS setup does not appear to be improving ZVI removals. The HGMS run 
exceeds the estimated 35% removals due to gravitational settling, while the control run 
does not. The low removals in the control run could be due to turbulence created by the 
wire mesh in the reactor volume, but may well be due to random variation in sampling 
and analysis. Based on these findings, it does appear that the HGMS setup enhances ZVI 
removals, but the low sample sizes and high variability within much of the resulting data 
does provide a lack of confidence in the study's results. Recommendations for future 
studies to statistically increase confidence in results as well as increase ZVI separation 
within the reactors are made in Chapter 6. 
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Figure 4.18 Particle size distnbution for pretreated, or oxidized ZVI; [ZVI]=200mg/L, 
pH=7 1+0.1, Ionic strength=0.005M, Alkahmty=50mg/L as CaC03, Temp=20°C±l, Airflow 
rate=300sccm, Pretreatment time=15 hours 
4.5 Application of DE Precoat Filtration in an Arsenic Adsorption Treatment 
System using ZVI 
The objective of this study was to assess arsenic removals as well as minimize iron 
dissolution in an innovative arsenic adsorption treatment system. The system, a pilot-
scales setup whose schematic is shown in Figure 3.14, applied ZVI to an arsenic 
contaminated source water, with subsequent removal achieved through the application of 
DE precoat filtration. A description of the conditions in each of the experimental runs is 
shown in Table 4.14. The study found that arsenic removals of 30 to 40% were achieved 
while dissolved iron concentrations maintained below EPA's secondary standard of 0.3 
mg/L in such a system. Arsenic removals were found to be impacted by both ZVI contact 
time and ZVI dose, with greater removals resulting from increased contact time and 
increased dose. The results and discussions that led to these conclusions are presented in 
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Figure 3.14 Schematic of DE precoat filtration strategy 
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the following sections. All data associated with the results and discussion can be found in 
Appendix F. 
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*The oxidant, in this case, was applied to the source water tank 
4.5.1 Iron Dissolution 
The first assessment was to address iron dissolution issues that were observed in 
similar pilot-scale experiments performed at UNH by Pepler (2009). Pepler (2009) 
observed dissolved iron concentrations greater than the EPA secondary standard of 0.3 
mg/L in several runs. The high dissolved iron concentrations were observed most 
frequently in runs in which free chlorine (HOCl) was used as an oxidant in the source 
water tank, and a ZVI-arsenic contact time of 22 minutes was administered. In an attempt 
to alleviate this issue, the run was reproduced at a pH of 7.1+0.1, as opposed to a pH of 6 
used by Pepler (2009), and is described as Run 1 in Table 4.15. Runs 2 through 5 were 
also run at source water tank and ZVI dose tank pH conditions of 7.1+0.1. The pH 
conditions were recommended based on conclusions from the iron dissolution experiment 
previously discussed in this report. 
The pH range of 7.1+0.1 was maintained in the source water tank and the ZVI 
dose tank throughout the runs, and appears to alleviate the issue of iron dissolution in the 
system, as effluent dissolved iron concentrations in Run 1 were all below the reportable 
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limit of 0.01 mg/L, as listed in Table 4.15. It must be noted that observed pH conditions 
in the source water tank and ZVI dose tank realistically ranged from 7.1 to 7.26, and 7.09 
to 7.15 throughout Run 1, respectively. Results from Runs 2 through 5 verify that 
modified pH conditions of 7.1+0.1 alleviated the iron dissolution issue, as effluent 
dissolved iron concentrations remain below the reportable limit of 0.01 mg/L throughout 
all runs, as observed in Table 4.15. 
The low dissolved iron concentrations were most likely due to the reduced 
solubilities of iron species at elevated pH conditions, as discussed in the iron dissolution 
experimental results. Another explanation may be that oxidation rates of ferrous iron 
increase 100 fold for each unit increase in pH, which may have lead to higher ferric iron 
concentrations in the system, and therefore lower dissolved iron concentrations. 
Table 4.15 Dissolved iron concentrations (mg/L) observed the DE filter effluent throughout the 











































ZVI Dose Tank Preparation. Dissolved iron concentrations in the ZVI dose tank 
also remained below the EPA secondary standard of 0.3 mg/L throughout the 
experimental runs, as observed in Table 4.16 Dissolved iron concentrations were 
monitored in the ZVI dose tank at the beginning and end of Runs 2 through 5. It appears 
that dissolved iron levels in the ZVI dose tank decrease from the beginning to the end of 
the experiment in all runs analyzed. This may be due to the increasing redox conditions 
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within the ZVI dose tank throughout the runs. The increase in redox may be due to the 
fact that it occurs as the total solution volume mass of iron in the system decreases while 
the flow of air into the system and intensity of mixing remain stable. 
Dissolved iron concentrations appear to increase significantly in Run 5, most 
likely due to an increased initial ZVI concentration. Initial dissolved iron concentrations 
also appear to steadily increase in runs 2 through 4 while using the same initial ZVI 
concentration. The reason for this may be due to slight experimental variations in pH and 
redox conditions between runs. Although dissolved iron concentrations did appear to 
fluctuate in samples between runs, depending on redox conditions or initial ZVI 
concentration, they never exceeded the secondary standard of 0.3 mg/L set by the EPA. 
Table 4.16 Observed dissolved iron concentrations (mg/L) along with experimental conditions in 
the ZVI dose tank. 
Parameter 
Initial [Fe], mg/L 
Final |Fe], mg/L 
Initial ZVI 
Concentration, g/L 
EH Range, mV 

























*A different redox probe was used in Run 5, which was also cleaned 25 hours into the ZVI 
treatment, after which readings began to increase dramatically 
4.5.2 Arsenic Treatment Assessment 
The next objective of the pilot-scale study was to analyze the effects of water 
quality and operational conditions on arsenic removals in the precoat filtration system, 
outlined in Figure 3.14. The impact of of contact time and ZVI dose on removals was 
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Figure 4.19 a) Average arsenic results and b) arsenic removals throughout experimental runs 
from the DE precoat filtration experiment. 
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The results from this study, observed in Figure 4.19a and 4.19b, concluded that both 
variables had an effect on arsenic removals. Further analysis concluded that increased 
contact time and ZVI dose resulted in increased arsenic removals under the experimental 
conditions analyzed in this treatment system. 
It is evident that arsenic removals varied within and between experimental runs, 
with observed average arsenic removals of 5.21, 30.7, 26.4, 35.7, and 38.1%, and 
standard deviations of 2.6, 4.0, 3.0, 4.4, and 9.6% for Runs 1 through 5, respectively. In 
order to compare results between runs, the effect of random variation within the runs 
must be understood. An initial statistical analysis found that variances were statistically 
different between experimental runs. Upon further analysis, an arsenic sample in Run 5 
was deemed an outlier, and another statistical analysis of unequal variances was 
performed. The variances were not found to be statistically different following the 
removal of the data point. The outlying observation from Run 5 was not included in 
further analyses. The analysis of unequal variances can be found in Appendix F. 
The subtle variations in arsenic removals observed throughout experimental runs 
are believed to be due to minor experimental variations in the flow from the ZVI dose 
tank. The flow from the ZVI dose tank was controlled manually throughout the 
experiment, and was adjusted occasionally in an attempt to maintain proper ZVI levels in 
the system. This slight variation in flow from the ZVI dose tank most likely changed ZVI 
concentrations in the system throughout the runs, which may have caused the variation in 
arsenic removals observed in Figure 4.19. 
Significance of Contact Time and ZVI Dose. The effects of contact time and ZVI 
dose were found to be statistically significant for arsenic removals under the experimental 
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conditions analyzed in this study. This was evident from p-values of less than 0.05 for 
both variables, as observed in Table 4.17. Furthermore, arsenic removals were found to 
be significantly higher at a contact time of 44 minutes than 2 minutes, verifying that 
increased contact times resulted in increased arsenic removals. Removals were also found 
to be significantly higher at a ZVI dose of 400 mg/L compared to 200 mg/L. Because the 
experiment was not designed as a full factorial experiment, the interaction between 
contact time and ZVI dose could not be analyzed. The reason for this is that the high ZVI 
dose setting of 400mg/L was only applied to the medium contact time of 22 minutes, 
allowing for zero degrees of freedom. 
The effects of contact time and ZVI dose were analyzed in the fit model platform 
in JMP, where normalized arsenic concentration, C/Co, was the continous response 
variable, and contact time and ZVI dose were the nominal effect variables. Data from 
Runs 2 through 5 were used in the analysis. 





























The significance of contact time supports results from the kinetic study, where 
arsenic removals increased with contact time. The results from Runs 2 through 4 were 
also compared to the first-order kinetic models that were developed in bench-scale 
experiments. Percent removals observed in this study were compared to percent removals 
calculated from the kinetic models developed for the results from the ZVI pretreatment 
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time kinetic study. Observed removals do not appear to follow the predicted results well. 
Predicted results from the 15 hour ZVI pretreatment time appear to be the closest to 
observed results, as observed removals are roughly 6% lower than predicted by that 
model for each contant time. ZVI was pretreated for 24 hours in all experimental runs in 
the pilot-scale study. 
Table 4.18 Comparison of average observed arsenic removals in Runs 2-4 versus removals 
























Significance of ZVI Pretreatment Time. It is evident, from Figure 4.20, that ZVI 
pretreatment time has an effect on the kinetics of the arsenic adsorption reaction with 
ZVI. It is also apparent, from Table 4.19, that kinetic rate constants appear to increase 
with decreasing ZVI pretreatment times. An exponential growth model, observed in 
Figure 4.21, attempts to mathematically relate the first-order rate constant of the 
adsorption reaction with the pretreatment time of ZVI. The findings from this analysis 
should be interpreted cautiously, as the data being compared are from studies of different 
size scale and flow regimes. 
In an attempt to expand upon previous analysis on the effect of ZVI pretreatment 
times on arsenic adsorption kinetics, the results observed from Runs 2 through 4 were 
compared to the models developed in the ZVI pretreatment kinetic study, as observed in 
Figure 4.20. A ZVI pretreatment time of 24 hours was used in the pilot-scale 
experiments. Average arsenic removals from Runs 2 through 4 were plotted versus the 
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Figure 4.20 First-order kinetic equations from bench-scale experiments for ZVI pretreatment 
time compared to data from DE filtration experimental results 
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Figure 4.21 The effect of ZVI pretreatment times on the first-order kinetic rate constants used to 
model the arsenic adsorption reaction with ZVI 
162 
22, and 44 minutes for Runs 3, 2, and 4, respectively. The data was fit with a linear 
regression model, which was compared to the models developed from the results of the 
bench-scale experiment that analyzed the effect of ZVI pretreatment time on arsenic 
adsorption kinetics. 
Table 4.19 Expanded evaluation of the significance of ZVI pretreatment times on the kinetics of 























It is evident that ZVI pretreatment time has an impact on arsenic adsorption 
kinetics. In an attempt to relate how pretreatment times are affecting the kinetics of 
arsenic adsorption reactions by ZVI, the first-order kinetic rate constants from Table 4.19 
were plotted against their corresponding pretreatment times. An exponential rise equation 
was fit to the data in Figure 4.21, and appears to fit well, with an R2 value of 0.7295 and a 
logical maximum of zero. The model did fail several of the model fit tests performed in 
SigmaPlot, meaning that the findings should be interpreted cautiously, but could be 
improved with more observations. It must be noted that although this model appears to be 
a good fit for determining the kinetic constant from ZVI pretreatment times, the kinetic 
equations used to model the arsenic adsorption reactions in Figure 4.20 include a y-
intercept, which also appears to be impacted by pretreatment times. 
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4.5.3 Operational Assessment of DE Precoat Filter 
The filter efficiency was monitored throughout the experimental runs by 
measuring turbidity readings in the filter influent and effluent, monitoring filter 
differential pressure, and sampling the effluent for total iron. The turbidity readings were 
performed to interpret filter removal efficiency, filter differential pressure was monitored 
to try and determine filter cycle run lengths, and effluent total iron concentrations were 
monitored to determine if any colloidal or precipitated iron breakthrough was occurring 
in the DE precoat filter. 
Turbidity Removal. The DE precoat filter performed extremely well throughout 
all of the experimental runs according to turbidity measurements performed on the 
influent and effluent of the filter unit. The turbidities in the filter effluent, observed in 
Figure 4.22a and 4.25b, remain extremely low throughout the experimental runs in 
comparison to the influent levels. Effluent turbidities did not exceed 1.5 NTU in any of 
the experimental runs, and the majority of samples observed turbidity levels well below 
0.5 NTU. The filter achieved log removals in Runs 1, 2, 4, and 5 of 1.81, 3.06, 3.46, and 
3.21 with average influent turbidities of 10.3, 400, 493, and 408, respectively. Samples 
were taken from the mixing tank as well as the DE filter effluent. Because the mixing 
tank was not used in Run 3, influent turbidity measurements could not be made. All 
turbidity data can be found in Appendix E. 
Influent turbidities in the control run and Run 1 were significantly lower than 
those observed in the other runs. These results were expected for the control run, as no 
ZVI was introduced into the system. The reason for the low influent turbidities in Run 1, 
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Figure 4.22 DE filter a) influent and b) effluent turbidity measurements versus time, in hours, 
throughout the experimental runs 
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vigorously in Run 1 than in the following runs, and therefore less of the ZVI appeared to 
get suspended in the mixture. The lower mixing intensity and therefore lower dosing of 
ZVI in Run 1 may also have been the reason for the low arsenic removals observed in 
that run, shown in Figure 4.19. The lack of ZVI in suspension was verified after Run 1, as 
there was a significantly larger amount of ZVI remaining in the bottom of the ZVI dose 
tank. It must be noted that these hypotheses were qualitatively derived from visual 
observations and not analytical quantifications. The mixing speeds were not monitored 
throughout the experiments, and were not able to be quantitatively compared due to the 
fact that the mixing dial had no numbering system or observable settings. 
Filter Run Lengths. The differential pressure is a measure that dictates the length 
of a filtration cycle. Once typical terminal differential pressures of 30 to 40 psi are 
reached, the filter cycle ends, the filter and filter septum are cleaned, and the filtration run 
is restarted. Differential pressures remained relatively low throughout all experimental 
runs, as observed in Figure 4.23, leading to high theoretical filter run lengths. Theoretical 
filter run lengths, calculated from models fit to the experimental data, ranged from 56.2 
hours in Run 1 to 10 hours in Run 4. The theoretical filter run lengths appear to correlate 
with influent filter turbidities, with lower turbidities resulting in longer run lengths. 
Differential pressures in the filter appear to rise steadily throughout the filter runs, 
except for Run 3. Pressures in this run jumped from 1 to 4.75 psi about one hour into the 
experiment. This is most likely due to a disruption in the experimental run that occurred 
at that time. The filter was beginning to have a significant amount of air building up in it 
at that time, which could have be detrimental to the run. If an air pocket becomes too 
large it can disrupt the precoat and ruin the filtration process and potentially the filter 
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septum. In an attempt to purge the air, the effluent valve was momentarily closed and the 
air release valve opened on the filtration unit. When this was performed, the pressure rose 
significantly in the unit, as the air release valve did not allow for necessary pressure 
relief, and the influent pipe from the feed pump came loose. The feed pump was turned 
off, the effluent valves of the source water and ZVI dose tanks were shut, and the DE 
precoat filter was disassembled and cleaned. The run was restarted after a new precoat 
was administered to the filter. The most likely explanations for the high pressures 
observed in that run are that the filter and the filter septum were not properly cleaned 
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Figure 4.23 DE filter differential pressures recorded throughout the experimental runs 
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In an attempt to calculate filter cycle run lengths for the experimental runs, 2" 
degree exponential growth models were fit to the data from runs 2, 4, and 5, and were 
plotted as dotted lines in Figure 4.24. The same type of equation was used to model 
experimental data by Pepler (2009), and appears to be used to plot filtration cycle run 
lengths for DE filtration plants (American Water Works Association 1995). Data from 
run 3 was not included in this analysis due to the disruption in the filtration process. The 
equations from the model fits are shown in Table 4.20, along with their associated R2 
values, as well as filter run lengths, in hours, to reach terminal differential pressures of 











Figure 4.24 Exponential model fits to DE filter differential pressure data 
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All filter run lengths are greater than 10 hours, with Run 1 theoretically 
experiencing the longest filter run lengths and Run 4 the shortest. The theoretical filter 
run lengths appear to correlate with turbidity, as filter run lengths increase with 
decreasing average turbidities observed in the DE filter influent, as seen in Table 4.20. 
The farely long filter run lengths are unepected for influents with such high turbidities, 
which may be due to the discrete nature of the ZVI particles. It is known that filter cycle 
run length is also a function of DE body-feed, but body-feed levels were not a variable as 
they were held constant in all runs at a 1:1 mass concentration ratio with ZVI. 
Table 4.20 Modeling results for the filter pressure data along with run times, in hours, after 
which terminal differential pressures would be reached. Turbidity values shown are 







y = 2 .0703e 0 0 5 0 3* 
y ~ 2 .6309e ( U 5 6 9* 
y = 1.2774e°-3152* 


























Iron Breakthrough. Total iron analyses were performed on samples taken from 
the DE filter effluent to determine if colloidal or precipitate iron was breaking through 
the filters throughout the experimental runs. It is evident, from Table 4.21, that colloidal 
or precipitate iron did in fact break through the filters in all of the experimental runs. 
Although total iron concentrationsin the filter effluent varied within and between 
experimental runs, concentrations generally appear to decrease with time. The decrease in 
iron breakthrough may be due to decreasing filter porosity over time, which is supported 
by the increasing differential pressure with time, as seen in Figure 4.24. Total iron 
concentrations can be attributed to colloidal or precipitate iron in all samples since 
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effluent samples in all runs were found to have dissolved iron concentrations below the 
reportable limit of 0.01 mg/L. 
The increase in effluent iron concentrations in run 5 is most likely due to the ZVI 
dose. As previously discussed, ZVI dose was doubled in run 5, from 200 to 400mg/L, 
most likely accounting for the increased colloidal and precipitate iron concentrations 
observed in the filter effluent. Overall, total iron concentrations were low. The only 
concern may be in run 5, where iron concentrations are at first slightly above the 
secondary standard of 0.3mg/L, but drop below by the end of the run. 



























SUMMARY AND CONCLUSIONS 
The primary focus of this research was to investigate innovative separation 
processes for ZVI in an arsenic treatment system, as well as evaluate the effect of water 
quality and operational conditions on iron dissolution and adsorption kinetics in an 
arsenic treatment system utilizing ZVI. The study also investigated the potential for a 
magnetite-based byproduct material to be used as an arsenic adsorbent material. The 
studies included bench- and pilot-scale experiments whose results are discussed in 
Chapter 4. The following chapter will summarize the conclusions drawn from those 
results and discussion. The conclusions will be discussed in order of experiments they 
were drawn from. Conclusions from the magnetite-based mining byproduct material 
study will be discussed first, followed by the iron dissolution, arsenic adsorption kinetics, 
and magnetic separation studies. Conclusions from the pilot-scale study analyzing arsenic 
removals in a ZVI amended DE precoat filtration scheme will conclude the chapter. 
The study involving the magnetite-based mining byproduct material was intended 
to analyze the arsenic adsorption potential for a byproduct material from Unimin 
Corporation, Inc. The study was expanded to evaluate and analyze the effect of magnetite 
content and adsorption site regeneration on arsenic adsorption capacities. The study 
resulted in the following conclusions; 
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• Magnetite material was not an effective sorbent for arsenic removal. Little 
to no removals were observed in all runs performed. 
• Magnetite content and adsorption site regeneration did not have an impact 
on the sorption capabilities of the material. 
Due to these conclusions, the magnetite material evaluated in this study does not appear 
to be a viable option for arsenic sorption under the experimental conditions that were 
analyzed, and is not recommended for use as an arsenic sorbent. 
The iron dissolution study was intended to evaluate the impact of water quality 
conditions, particularly pH and redox potential, on dissolved iron concentrations in a ZVI 
system intended for arsenic adsorption. The study was performed in response to high 
dissolved iron concentrations observed in experiments performed by Pepler (2009. The 
following conclusions were drawn from this study; 
• Dissolved iron concentrations increased with decreasing pH conditions 
from 8 to 6, regardless of oxidant type or redox conditions. 
• Dissolved iron concentrations increased with decreased redox conditions 
experienced in runs where HOCl was the oxidant and was exhausted. 
• HOCl dose must be calculated based on ZVI concentration in the system. 
The oxidation of ZVI by HOCl depleted residual HOCl, and caused 
significant drops in redox conditions when sufficient HOCl was not dosed. 
• Increased HOCl dosing, from 70.5 to 235 mg/L as HOCl, resulted in 
decreased dissolved iron concentrations. The HOCl concentration 
provided elevated redox conditions throughout experiments. 
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• A change in the flow rate of diffused air into the ZVI system, from 10 to 3 
Lpm, did not effect dissolved iron concentrations. 
• Dissolved iron concentrations reached a minimum detectable level at a pH 
of around 7 and 6.5 when D.O. and HOCl were oxidants, respectively. 
• Oxidant type was found to have a significant impact on dissolved iron 
concentrations. Dissolved iron concentrations were lower in the system 
when HOCl, a stronger oxidant, was dosed at 235 mg/L as HOCl 
compared to bubbling diffused air. 
Due to the conclusions drawn from this study, a system pH of 7 was recommended for 
further studies in an attempt to minimize iron dissolution in arsenic treatment systems 
utilizing ZVI adsorption. Also, a chlorine dose of 235 mg/L as HOCl was recommended 
for further studies to provide elevated oxidation conditions throughout the experimental 
runs. It must be noted that the majority of analyses for dissolved iron concentrations in 
this study were below reportable levels. This should be taken into consideration upon 
interpreting the conclusions drawn from this study. 
The arsenic adsorption kinetic study was intended to evaluate the impacts of 
oxidant type, or redox conditions, introduction of diffused air, ZVI pretreatment time, and 
anion competition, on arsenic adsorption kinetics by ZVI. The following conclusions 
were drawn from that study; 
• ZVI was an effective sorbent for arsenic, achieving arsenic removals over 
81% after 5 hours, in all runs. 
• Arsenic adsorption kinetics appear to be significantly impacted by oxidant 
type, or redox conditions. Elevated oxidation states, such as those 
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achieved by HOCl, provided conditions that resulted in much faster 
arsenic adsorption kinetics than those when bubbling diffused air. 
• Arsenic adsorption kinetics by ZVI followed first-order kinetics with a 
rate constant of 4.48E-03 min"1 in systems where diffused air was bubbled 
at 300 seem and D.O. was considered the oxidant. 
• Arsenic adsorption kinetics did not appear to be impacted by the 
introduction of diffused air (300sccm) under the conditions analyzed in 
this study. Rate constants were 4.48E-03 and 4.80E-3 min"1 for runs with 
and without diffused air, respectively. Mixing alone appears to provide 
oxidation conditions observed in runs where D.O. was considered the 
oxidant. 
• ZVI pretreatment time appears to significantly influence arsenic 
adsorption kinetics. Shorter pretreatment times yielded faster adsorption 
kinetics but lower initial arsenic removals. Increasing rate constants of 
4.48E-03, 0.017, and 0.030 min"1 were observed for decreasing 
pretreatment times of 15, 8, and 2 hours, respectively, while initial arsenic 
removals of 28, 20, and 10% were observed for the same pretreatment 
times, respectively. 
• ZVI pretreatment time influenced dissolved iron concentrations during the 
arsenic adsorption process. Higher dissolved iron concentrations were 
observed in experiments where shorter pretreatment times were analyzed. 
Maximum concentrations of 0.42, 0.09, and 0.07 mg/L were observed in 
runs with increasing pretreatment times of 2, 8, and 15 hours. 
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• ZVI was not found to be an effective sorbent for fluoride removal. 
• Fluoride was not found to be a competitive ion for arsenic adsorption by 
ZVI under the concentrations and conditions analyzed in this experiment. 
Due to the conclusions drawn from this study, ZVI is recommended as an effective 
sorbent for arsenic treatment. Redox conditions can play a significant role in arsenic 
adsorption kinetics, and must be considered in system design. It must be noted that 
although HOCl was used to provide elevated oxidation conditions in this experiment, the 
formation of disinfection byproducts must be considered a realistic possibility in pilot or 
full-scale applications. Because of this possibility, HOCl was not analyzed in further 
experiments. ZVI pretreatment time is a significant design variable that could be 
optimized in pilot or full-scale applications, but dissolved iron concentrations must be 
considered when dealing with pretreatment times. 
The magnetic separation study was intended to evaluate the potential for utilizing 
magnetic separation as a viable ZVI separation process in an arsenic adsorption scheme. 
The following conclusions were drawn from the study; 
• The magnetic separation (MS) setup did not appear to enhance ZVI 
removals compared to the control. 
• The HGMS setup appeared to enhance ZVI removals compared to the 
control. 
• Gravitational settling was hypothesized to be a significant factor for ZVI 
separation in both of the setups. 
Due to the conclusions drawn from the magnetic separation study, it appears that the 
HGMS setup may have further potential in ZVI separation. The results and conclusions 
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that were drawn from this study were based on evidence that was not statistically sound 
and further evaluation and experimentation is recommended in Chapter 7. 
The pilot-scale study evaluated the potential of an arsenic treatment scheme that 
utilized arsenic adsorption by ZVI followed by DE precoat filtration. The study was 
intended to analyze the impact of pH on dissolved iron concentrations as well as contact 
time and ZVI concentration, or dose, on arsenic removals. The study yielded the 
following conclusions; 
• An increase in pH conditions from 6 to 7 in both the source water tank and 
the ZVI dose tank provided a reduction of dissolved iron concentrations to 
below secondary standards of 0.3 mg/L set by the EPA 
• Contact time appeared to have a significant effect on arsenic removals. 
Longer theoretical contact times of 2, 22, and 44 minutes resulted in 
increasing arsenic removals of 26.4, 30.7, and 35.7%, respectively. 
• ZVI dose appeared to have a significant effect on arsenic removals. 
Increased ZVI concentration from 200 to 400 mg/L improved arsenic 
removals from 30.7 to 41.8%. 
• Analyzing results from the pilot-scale study as a kinetic model supports 
the fact that arsenic adsorption kinetics decrease with increasing reaction 
time. The pretreatment time of 24 hours in the pilot-scale study resulted in 
a first-order rate constant of 3.22E-03 min"1. 
• Filter efficiency and run lengths, quantified by turbidity and differential 
pressure measurements, did not appear to be impacted by the introduction 
of ZVI into the precoat filtration system. 
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Due to conclusions drawn from the pilot-scale study, the arsenic treatment scheme 
utilizing ZVI adsorption followed by DE precoat filtration appears to achieve significant 
arsenic removals of between 30 and 40% while removing ZVI and minimizing iron 
dissolution, and is suggested for further research in Chapter 6. 
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CHAPTER 6 
RECOMMENDATIONS FOR FUTURE RESEARCH 
The primary focus of this research was to investigate innovative separation 
processes for ZVI in an arsenic treatment system, as well as evaluate the effect of water 
quality and operational conditions on iron dissolution and adsorption kinetics in an 
arsenic treatment system utilizing ZVI. The study also investigated the potential for a 
magnetite-based byproduct material to be used as an arsenic adsorbent material. The 
studies included bench- and pilot-scale experiments whose results yielded conclusions 
discussed in Chapter 5. The following chapter will discuss future research that is 
recommended to help answer some of the questions left unanswered by this study. The 
recommendations will be discussed based on the experiments performed in this study. 
The assessment of the arsenic adsorption potential of a magnetite-based mining 
byproduct material found that the material was not an effective sorbent for arsenic under 
the conditions analyzed in this study, but that particle size and reaction time may be 
significant factors to consider in future studies. Reducing particle sizes and increasing 
reactions times may improve arsenic adsorption capabilities by increasing particle surface 
area as well as allowing the reaction to come to equilibrium. Another recommendation 
for further research is to attempt to further separate the magnetite from the bulk material. 
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An analysis such as X-Ray diffraction (XRD) is recommended to determine the actual 
mineralogy of the material. 
One recommendation for future bench-scale studies investigating iron dissolution 
in an arsenic treatment scheme utilizing ZVI would be to more accurately portray a pilot-
or full-scale system by increasing the ZVI concentrations for pretreatment to that of the 
ZVI dose tank conditions. 
The bench-scale arsenic adsorption kinetic experiments found oxidant type and 
ZVI pretreatment time to be significant factors in the kinetics of arsenic adsorption 
reactions with ZVI. It is recommended that future studies be performed to understand the 
impact of ZVI corrosion and iron aging on the reaction kinetics of arsenic adsorption by 
ZVI. It is recommende that the study perform XRD analysis on corrosion products from 
different ZVI pretreatment times to determine the effect of the aging of iron on arsenic 
adsorption kinetics. It would also be interesting to study the effect of ferric to ferrous iron 
ratios on reaction kinetics. Recommendations for future research also include kinetic 
studies should be run to equilibrium to develop a better understanding of the kinetics 
throughout the entire reaction, as well as a better underdstanding of the adsorption 
capacities of ZVI under the conditions analyzed. Also, a more elaborate comparison of 
kinetic results from this study should be made to current models of arsenic adsorption by 
ZVI, especially for increased oxidation conditions. A study analyzing the impact of 
mixing speeds on arsenic adsorption kinetics is also recommended. 
The bench-scale magnetic separation study found that the HGMS system yielded 
optimistic results for ZVI separation in comparison to the MS system, but a lack of 
QA/QC and small sample sizes left a lack of statistical confidence in the results and 
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conclusions. Further studies should include larger sample sizes and strict QA/QC 
protocols. Another recommendation for future studies would be to adapt magnetic 
separation as a polishing step as opposed to a primary separation technique. Due to the 
large particle sizes of the ZVI used in the study, gravitational settling may be more 
efficient as a primary separation technique, followed by a magnetic separation system for 
polishing. 
The pilot-scale DE precoat filter study affectively separated ZVI from an arsenic 
treatment system while achieving 30 to 40% arsenic removals. The study also found that 
contact time and ZVI dose were both significant to arsenic removals. Future bench-scale 
studies should focus on the impact of ZVI dose on arsenic adsorption capacities and 
kinetics in an attempt to develop a relationship between ZVI dose and arsenic removals. 
It is also recommended that a bench-scale study be performed that analyzes the individual 
effects as well as interaction of ZVI dose and ZVI pretreatment times on arsenic removals 
and arsenic adsorption capacities. The study may be able to economically optimize ZVI 
pretreatment time and ZVI dose to maximize arsenic removals while maintaining 
dissolved iron concentrations below the EPA secondary standard of 0.3 mg/L. Finally, a 
TCLP study analyzing the desorption potentials of ZVI should be performed on the 
residuals from the arsenic treatment scheme. 
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APPENDIX A 
STANDARD OPERATING PROCEDURES 
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Standard Operating Procedures 
l .pH 
Principle 
The pH measurement indicates the hydrogen ion concentration of a solution, or a 
measure of the solution's acidity. It is one of the most important and frequently used 
analyses in water chemistry due to the fact that practically every phase of water supply 
and wastewater treatment is pH-dependent. The pH of a solution can be determined by 
electrometric measurement using a standard hydrogen electrode and a reference 
electrode. 
Apparatus 
ACCUMET CAT # 13-620-229 sensor 
CONSORT R305 meter 
Reagents and materials 
pH standards (4, 7, 10) 
Acid washed Erlenmeyer flask 
Method 
1. Connect the electrode to the meter 
2. Perform a 2 point calibration using pH calibration standards that bracket the 
expected pH value of the solution 
a. Press CAL 
b. Clean the sensor with distilled water and blot dry with a lint-free tissue. 
c. Place the sensor in the low pH standard ensuring the solution is above the 
cell chamber slot. Hold the sensor in the standard and press CAL. The 
lower right region of the display will show CAL in progress. 
d. Wait till the automatic endpoint appears 
e. Clean the sensor with distilled water, blot dry with a lint-free tissue and 
repeat steps b and c for the next standard. 
f. Meter will indicate calibration successful. 
3. Place the sensor in the sample ensuring the sample is above the cell chamber slot 
4. Record the reading 
5. Clean the sensor with distilled water and blot dry with a lint-free tissue 
Quality Control 
Calibrate instrument prior to its use. 
Do duplicates of all readings. 
References 
CORNING, CHECKMATE II, Instruction manual 
Clesceri, Lenore S. et al. Standard Methods for the Examination of Water and 
Wastewater: 20th Edition. Washington D.C. American Public Health Association, 
1998 
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2. OXIDATION-REDUCTION POTENTIAL MEASUREMENTS 
Principle 
Oxidation and reduction reactions control the behavior of many chemical 
constituents in drinking, process, and waste-waters as well as most aquatic environments. 
The reactivity and mobility of many important elements are strongly dependent on redox 
conditions. Oxidation-reduction potential (ORP) measurements are made by 
potentiometric determination of electron activity with an inert indicator electrode and a 
suitable reference electrode. The potential difference measured in solution between these 
two electrodes should not be equated to Eh, which is a thermodynamic property of the 
solution. A correlation between the sample potential measured and the Eh of the standard 
hydrogen electrode can be made with a known solution temperature. Although Eh values 
measured in the field often correlate poorly with Eh values calculated from the redox 
couples present, measurement of redox potential, when properly performed and 
interpreted, is useful in developing a more complete understanding of water chemistry. 
Apparatus 
- ORION 9678BN ORP/Redox probe or analogous ORP/Redox probe 
- CONSORT R305 meter or analogous meter 
Reagents and materials 
- ORION 900001 or 900011 reference filling solution 
- ORION 967901 ORP standard 
250 mL Erlenmeyer flask 
Magnetic stir bar 
Stir plate 
Method 
1. Connect the electrode to the meter 
2. Choose appropriate filling solution to best match ionic strength of solution. 
a. Use 900011 filling solution for samples that have a total ionic strength 
greater than 0.2M 
b. Use 900001 filling solution for samples that have a total ionic strength less 
than 0.2M 
3. Rinse meter with DI and blot dry 
4. Calibrate probe 
a. Equilibrate standard solution to temperature of the sample 
b. Immerse electrodes in gently stirred standard solution 
c. After several minutes, record reading to nearest millivolt 
d. If the reading is more than +/- 10 mV from theoretical value replace 
reference electrode fluid and repeat the measurement 
e. If that fails, polish the sensing element of the indicator electrode with 
carborundum paper, crocus cloth, or jeweler's rouge 
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f. Rinse electrode thoroughly and recheck reading with a fresh portion of 
standard solution 
g. If again not within +/- 10 mV, repeat cleaning procedure or try another 
electrode or when the reading stabilizes, press CAL. 
h. Adjust mV reading to match standard. 
5. Rinse with distilled water and proceed with the sample measurement. 
6. Immerse electrode in sample 
7. Let equilibrate, record Eh value to the nearest milivolt, and temp to +/-0.1°C 
8. Repeat with second sample portion to confirm successive readings within lOmV 
9. If the reading is within +/- 10 mV, record reading and temperature 
10. Recalibrate daily 
Calculations 
To determine the Eh of a sample relative to the standard hydrogen electrode, 
measure Eh of both sample and standard solution at the same temperature (within + 
0.1°C). Then calculate Eh value of the sample: 
Eft-system — ^observed ' '^"•ZoBell/reference ~ E"zoBell observed vA~U 
where: 
^-observed = sample potential relative to reference electrode 
EzoBeii/reference = theoretical Eh of reference electrode and ZoBell's solution, relative to 
the standard hydrogen electrode 
EzoBeiiobserved = observed potential of ZoBell's solution, relative to the reference 
electrode 
Quality Control 
Calibrate daily or before each use and perform duplicates of all readings. 
References 
Thermo Electron Corporation Users Guide for Redox/ORP Electrodes 
Clesceri, Lenore S. et al. Standard Methods for the Examination of Water and 
Wastewater: 20th Edition. Washington D.C. American Public Health Association, 
1998 
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3. MICROTRAC S3500 PARTICLE SIZE ANALYSIS 
Principle 
The S3500 uses the phenomenon of scattered light from laser beams projected through a 
stream of particles. The amount and direction of light scattered by the particles is 
measured by an optical detector array and then analyzed by the Microtrac Software. The 
system has a standard particle size range of 0.25 - 1400 um for wet and dry feed streams. 
Apparatus 
Microtrac S3500 Particle Size Analyzer and associated components 
Sample Delivery Controller (SDC) and associated components 
Microtrac FLEX Software (Version 10.2.1) 
Computer, Monitor, etc. 
Reagents and materials 
Microtrac Reference Materials (Silica BCR66) 
Distilled or Deionized Water 
Method 
1. Turn on the PC and open the Microtrac FLEX software 
2. Turn on the Microtrac S3500 analyzer and then the SDC unit 
3. In the software, open TOOLS and S3000/S3500 CONFIGURATION 
a. Under the ANALYZER tab 
i. The BENCH COM PORT should be set to the correct port, 
usually COM 1 
ii. The size range should be that appropriate for your analysis, 
usually 0.021 to 1408 um 
iii. Click the SAMPLE CELL button and check to make sure 
the appropriate sample cell is chosen 
1. For wet analysis chose the "0511" sample cell 
b. Under the SAMPLING SYSTEMS tab 
i. APPLICATION TYPE should be appropriate for your 
analysis 
ii. Under WET SYSTEMS, the SDC INSTALLED box should 
be checked if SDC system is being used 
c. Click OK 
4. Now open MEASURE, then SELECT INSTRUMENT, and S3500/S3000 
5. Cleaning the SDC equipped with ultrasonic probe 
a. Fill the SDC sample cell with de-ionized water or distilled water 
b. Open Measurement Setup dialog box in the TOOLS tab 
i. Setup the delivery system to the following parameters 
1. Number of Rinses: 4 
2. Flow Rate: 100% 
3. Ultrasonic Power: 40 
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4. Ultrasonic time: 600 
c. Under the SDC control toolbar, click the FLOW button and then 
perform the ULTRASONIC function 
d. When ultrasonic is complete, RINSE system 
6. To perform calibration 
a. Fill the SDC with de-ionized or distilled water 
b. Under the SDC control toolbar, click the FLOW button 
c. With all covers closed, perform UNIFORM CALIBRATION 
under TOOLS and then SERVICE 
7. Calibration verification procedure for Reference Material (Silica BCR66) 
a. Go to MEASUREMENT SETUP under the TOOLS tab 
i. Click OPTIONS and set the following parameters under 
ANALYSIS (click OK when complete): 
1. Particle Refractive Index: 1.54 
2. Transparency: Transparent 
3. Spherical Particles: Irregular 
4. Fluid Refractive Index: 1.33 (for Water) 
5. Filter: Checked 
6. Select ADVANCED button 
a. Set S3000 GAIN: 0 (zero) 
ii. Select TIMING button or tab and set the following 
parameters 
1. Setzero Time: 30 seconds 
2. Run Time: 30 seconds 
3. Number of runs: 3 
iii. Select SDC/ASVR tab and set the following parameters 
1. Number of Rinses: 4 
2. Flow Rate: 55 
3. Ultrasonic Power: 40 
4. Ultrasonic Time: 180 
iv. Select AUTO SEQ OPTIONS button and set the following 
parameters: 
1. De-aerate Cycles: 4 
2. Ultrasonic Option: Automatic (For units equipped 
with ultrasonic probe) 
3. Pre-run circulation time: 60 
4. Autodilute (yes) 
v. Select IDENTIFIERS tab 
1. Sample ID LBCR66 
2. Sample ID 2: 159236 
b. After setting the previous parameters and entries, start FLOW and 
perform Set Zero by clicking the S/Z icon 
c. Agitate sample vial by mild shaking and swirling until no particles 
are packed at the bottom of the diagnostic kit vial 
d. After successful set zero, select LOAD SAMPLE icon 
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e. Transfer sample contents to the delivery system when the ADD 
SAMPLE message appears. 
f. Perform ULTRASONIC treatment 
g. When ultrasonic is complete, allow circulation for 1 - 2 minutes 
h. Click the RUN icon. Measurement will start 
i. Compare data to results shown on the Certificate of Analysis for 
the instrument model being used. 
8. For sample analysis, perform the same procedure as for the calibration 
verification measurement on the reference material in procedure number (7) 
a. Inputs should be specific to the material being analyzed. 
i. Particle refractive index can be found by clicking the 
REFERENCE button under the PARTICLE INFORMATION tab 
under the ANALYSIS tab in the MEASUREMENT SETUP box 
ii. For raw ZVI, the TRANSPARENCY should be set to 
ABSORBING 
b. Other inputs should be found and referenced by contacting 
Microtrac Inc. 
9. The sample recirculation system must be drained and rinsed with clean 
fluid enough times to clean all sample from the recirculation components after 
each use 
10. Fill the system with clean fluid when not in use to reduce spotting of the 
sample cell if the system will be used shortly after (within 2 days) 
11. If the system is not going to be used for several days, the sample cell 
should be drained, removed, dried, and stored in a safe environment. The sample 
cell should be checked over a regular tungsten filament lamp to make sure that it 
is clean 
a. If it is not clean, a lOOmL solution made with lmL of Triton-X 
solution and DI water should be used to clean the sample cell 
b. Clean the sample cell with the solution and then allow it to dry. 
Quality Control 
The system should be calibrated depending on frequency and conditions of use. For our 
purposes, a UNIFORM CALIBRATION should be performed on a monthly basis or at 
any time the results appear to be inaccurate. Verification of the calibration should be 
performed if the latter circumstance is to occur. 
References 
Service Instructions for Microtrac Reference Material Silica BCR66 
Microtrac Sample Delivery Controller: Operation and Maintenance Manual 
Microtrac S3000 Particle Size Analyzer: Operation and Maintenance Manual 
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4. LABORATORY GLASSWARE CLEANING 
1. Nitric acid washing 
a. Always work under the nitric acid hood, wearing safety glasses, face shield, lad 
coat, apron and acid resistant gloves. 
b. Use acid neutralizer to clean up spills, dispose acid in appropriately labeled waste 
container, kept under the hood. 
c. Do not wash metals with acid. 
d. Do not let acid soak in plastic sample containers and caps; only rinse plastic 
containers. 
2. Volumetric flasks, pipettes, beakers, Erlenmeyer flasks, and other glassware 
(nitric wash) 
a. Empty contents from glassware to hazardous waste collection bottle if the 
solution contained arsenic or into the drain if it did not and remove all labels. 
b. Rinse 6x with RO water to prevent expending acid. 
c. Carefully pour some nitric acid in glassware and slowly pour it out while rotating 
glassware so that the acid touches the whole inner surface. Repeat this process 3x. 
d. 5 mL AAS sample vials are soaked in 1:1 nitric acid for 24 hrs instead of step c. 
e. Rinse 6x with RO water. 
f. Wrap openings with foil to protect from dust and dry in 60° C drying oven 
overnight.Then store under bench. 
3. Plastic caps, silicone septa 
a. Rinse at least 3x with RO water and then soak overnight in soapy (phosphate free) 
water. 
b. Rinse 6x with RO water. 
c. Place in glass beaker and cover with foil to protect from dust. 
d. Dry in 60° C oven. 
4. Chromic acid washing 
a. Always work under the chromic acid hood, wearing safety glasses, face shield, 
lab coat, apron and acid resistant gloves. 
b. Use acid neutralizer to clean up spills, dispose acid in appropriately labeled waste 
container, kept under the hood. If the chromic acid has turned blue, it is spent. Do 
not mix spend acid with good acid. 
c. Do not wash metals with acid. 
d. Do not let acid soak in plastic sample containers and caps; only rinse plastic 
containers. 
References 
Clesceri, Lenore S. et al. Standard Methods for the Examination of Water and 




MAGNETITE-BASED MINING BYPRODUCT MATERIAL EXPERIMENTAL 
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PARTICLE SIZE DISTRIBUTIONS 
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Figure 1 Particle size distributions for runs 1 (a) and 2 (b) 
198 
MATERIAL REGENERATION DATA 



























































































Figure 2 pH and Eh data from Run 1 of the study assessing the arsenic adsorption potential of a 
magnetite-based byproduct material. Experimental conditions; [As]=0.3mg/L, [ZVI]=250mg/L, 
pH=5±0.1, Ionic strength=0.01M, Alkalinity=50mg/L as CaC03, Temp=20°C±l, Time=3 hours 
i 
Q. LU 
00:00 01:00 02:00 
Time, hh:mm 
03:00 
Figure 3 pH and Eh data from Run 2 of the study assessing the arsenic adsorption potential of a 
magnetite-based byproduct material. The run was under same experimental conditions as Run 1, 
described in Figure 2 
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Figure 4 pH and Eh data from Run 3 of the study assessing the arsenic adsorption potential of a 
magnetite-based byproduct material. The run was under same experimental conditions as Run 1, 
described in Figure 2 




Figure 5 pH and Eh data from Run 4 of the study assessing the arsenic adsorption potential of a 
magnetite-based byproduct material. The run was under same experimental conditions as Run 1, 
described in Figure 2 
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DATA FOR DISCUSSION OF RESULTS 
























































































IRON DISSOLUTION EXPERIMENTAL DATA 
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Dissolved Iron, mg/L 



















































































































































































































































































































































































































































































Individual ZVI Redox Reactions and Stoichiometry 
1. Dissolved Oxygen 
Oxidation reactions 
2(Fe(s) ~ Fe 2 + + 2e~) 
Fe2+ <-> Fe 3 + + e~ 
(oxidation) 
(oxidation) 
E° = 0.440 V 
E° = -0.770 V 
2Fe(s) ^ Fe2+ + Fe3+ + Se (overall) 
o o 
^•ox,l^ox,l ' ^-ox^ox,! 
F° - 9 
L
-' ox.sum — • 
J
 ox,sum 
n ox,\ + n OX.2 
J
 ox,sum 
4(0.440 V) + l ( -0 .770 V) 
4 + 1 = 0.198 V 
Redox Reaction 
4(2Fe(s) ^ Fe2+ + Fe3+ + 5e~) 
S(07(aq') + 4 / / + + 4e" <-> 2//,01 
(oxidation) E°ox = 0.198 V 
(reduction) E % = 1.268 
8Fe(s) + 502(aq) + 20/7+ «-» 4Fe2 + + 4Fe3 + + 10//2O (overall) E°Rxn = 1.466 
V 
(nFERxn\ 




mole tf) (293 K) 
= e
1161 
InK = 1,161.485 
{Fe2+}4{Fe3+}4{//20}10 
Keq
 ~ {Fe(s)n02(aqmH+}20 
8Fe(s) + S02(aq) + 20//+ <-» 4Fe2 + + 4Fe3 + + 10//2O 
Therefore: 
/5 moles 02(g)\/32 g 02(aq)\/ mole Fe(s) \ _ 0.358 mg 02(aq) 
\8 moles Fe(s)) \mole 02{aq)) V55.85 g Fe{s)) mg Fe(s) 
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2. Sodium Hypochlorite 
Oxidation reactions 
2(Fe(s) «•• Fe2+ + 2e - ) 
Fe2+ <-> Fe 3 + + e~ 
(oxidation) 
(oxidation) 
E° = 0.440 V 
E° = -0.770 V 
2Fe(s) «-» Fe2+ + Fe3+ + Se (overall) E° ox.sum 
n
ox,l^ox,l "•" nox,2^-ox,2 
J
 ox,sum 
n, ox.l + n, ox,2 
J
 ox,sum 
4(0.440 IQ + l ( -0 .770 V) 
4 + 1 
Redox Reaction 
2(2Fe(s) <-» Fe2+ + Fe3+ + Se~) 
5(/70C7 + 2e" + H+ ++ Cl~ + tf-,0') 
= 0.198 V 
(oxidation) E°ox = 0.198 V 
(reduction) E°rpH = 1.481 V 
4Fe(s) + SHOCl + 5/7+ <-> 2Fe2 + + 2Fe3 + + 5 C r + SH20 (overall) E0™ = 1.679 V 
Keq = exp 
'TXFE, Rxn 
RT = exp 
(i°ai)(<^<)(i-«4) eg, 
( 8 - 3 1 4 m^r<K 2 9 3 ^ 
Zoflf/f = 288.8582 
_ {Fe2+}2{Fe3+Y{Cl-f{H20f 
Keq
 ~ {Fe(s)}4{//0C/}5{//+}5 
= 7.2 x 10 288 
4Fe(s) + SHOCl + 5/7+ <-> 2Fe2+ + 2Fe3 + + 5CT + 5//20 
Therefore: 
5 moles H0Cl\ (S2.Sg H0Cl\ /74.Smg NaOCh / mole Fe(s) \ 1.67mg NaOCl 
<4 moles Fe(s)J \mole HOCl 
\ /b2.b# HOCl\ //4.bmg NaULl\ ( 
)[mole HOCl) \ S2.Smg HOCl ) V S g l ) \SS&Sg Fe{s 5 ) " mg Fe{s) 
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pH and EH Monitoring Data 
x 
Q. 






























L_ -~" ~~ ~~ ~~ 























- i 1 1 1 1 r 
04:00 08:00 












Figure 8 pH and EH data from "NaOCl Check" run (top) and experimental time of the "NaOCl 
Optimization" run (bottom) using D.O. as an oxidant in the iron dissolution experiment 
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ARSENIC ADSORPTION KINETICS EXPERIMENTAL DATA 
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EXPEIRMENTAL RESULTS AND OBSERVED WATER QUALITY CONDITIONS 
Table 9 Monitoring data and sampling results from the first HOCl run of the arsenic 
adsorption kinetics study evaluating oxidant type. Experimental conditions; [As]=2mg/L, 
[ZVI]=200mg/L, pH=7.1+0.1, Ionic strength=0.005M, Alkalinity=50mg/L as CaC03, 







































































Figure 10 pH and Eh data from the first HOCl run of the arsenic adsorption kinetics 
study evaluating oxidant type. Experimental conditions; [As]=2mg/L, [ZVI]=200mg/L, 
pH=7.1+0.1, Ionic strength=0.005M, Alkalinity=50mg/L as CaC03, Temp=20°C+l, [HOCl] 
Dose=70.45mg/L Pretreatment time=2 hours 
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Table 10 Monitoring data and sampling results from the second HOCl run of the arsenic 
adsorption kinetics study evaluating oxidant type. Experimental conditions; [As]=2mg/L, 
[ZVI]=200mg/L, pH=7.1+0.1, Ionic strength=0.005M, Alkalinity=50mg/L as CaC03, 


























































































Figure 11 pH and Eh data from the second HOCl run of the arsenic adsorption kinetics 
study evaluating oxidant type. Experimental conditions; [As]=2mg/L, [ZVI]=200mg/L, 
pH=7.1+0.1, Ionic strength=0.005M, Alkalinity=50mg/L as CaC03, Temp=20°C+l, [HOCl] 
Dose=70.45mg/L Pretreatment time=2 hours 
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Table 11 Monitoring data and sampling results from the first D.O. run of the arsenic adsorption 
kinetics study evaluating oxidant type. Experimental conditions; [As]=2mg/L, [ZVI]=200mg/L, 
pH=7.1+0.1, Ionic strength=0.005M, Alkalinity=50mg/L as CaC03, Temp=20°C+l, Airflow 
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Figure 12 pH and Eh data from the first D.O. run of the arsenic adsorption kinetics study 
evaluating oxidant type. Experimental conditions; [As]=2mg/L, [ZVI]=200mg/L, pH=7.1+0.1, 
Ionic strength=0.005M, Alkalinity=50mg/L as CaC03, Temp=20°C+l, Air flow rate=300sccm, 
Pretreatment time=15 hours 
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Table 12 Monitoring data and sampling results from the second D.O. run of the arsenic 
adsorption kinetics study evaluating oxidant type. Experimental conditions; [As]=2mg/L, 
[ZVI]=200mg/L, pH=7.1+0.1, Ionic strength=0.005M, Alkalinity=50mg/L as CaC03, 













































































Figure 13 pH and Eh data from the first D.O. run of the arsenic adsorption kinetics study 
evaluating oxidant type. Experimental conditions; [As]=2mg/L, [ZVI]=200mg/L, pH=7.1+0.1, 
Ionic strength=0.005M, Alkalinity=50mg/L as CaC03, Temp=20°C+l, Air flow rate=300sccm, 
Pretreatment time=15 hours 
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Table 13 Monitoring data and sampling results from the first D.O. run without bubbling air 
(stirring only) of the arsenic adsorption kinetics study evaluating oxidant type. Experimental 
conditions; [As]=2mg/L, [ZVI]=200mg/L, pH=7.1+0.1, Ionic strength=0.005M, 


































































































Figure 14 pH and Eh data from the first D.O. run without bubbling air (stirring only) of the 
arsenic adsorption kinetics study evaluating oxidant type. Experimental conditions; [As]=2mg/L, 
[ZVI]=200mg/L, pH=7.1+0.1, Ionic strength=0.005M, Alkalinity=50mg/L as CaC03, 
Temp=20°C+l, Pretreatment time=15 hours 
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Table 14 Monitoring data and sampling results from the second D.O. run without bubbling air 
(stirring only) of the arsenic adsorption kinetics study evaluating oxidant type. Experimental 
conditions; [As]=2mg/L, [ZVI]=200mg/L, pH=7.1+0.1, Ionic strength=0.005M, 
































































































Figure 15 pH and Eh data from the second D.O. run without bubbling air (stirring only) of the 
arsenic adsorption kinetics study evaluating oxidant type. Experimental conditions; [As]=2mg/L, 
[ZVI]=200mg/L, pH=7.1±0.1, Ionic strength=0.005M, Alkalinity=50mg/L as CaC03, 
Temp=20°C+l, Pretreatment time=15 hours 
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Table 15 Monitoring data and sampling results from the 2 hour "low" pretreatment setting of the 
arsenic adsorption kinetic study evaluating pretreatment time. Experimental conditions; 
[As]=2mg/L, [ZVI]=200mg/L, pH=7.1+0.1, Ionic strength=0.005M, Alkalinity=50mg/L as 







































































*Note: pH and Eh data from the "low" pretreatment setting were not recorded due to an 
unknown error with the monitoring equipment. 
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Table 0-16 Monitoring data and sampling results from the 8 hour "medium" pretreatment setting 
of the arsenic adsorption kinetic study evaluating pretreatment time. Experimental conditions; 
[As]=2mg/L, [ZVI]=200mg/L, pH=7.1+0.1, Ionic strength=0.005M, Alkalinity=50mg/L as 













































































Figure 0-16 pH and Eh data from the 8 hour "medium" pretreatment setting of the arsenic 
adsorption kinetic study evaluating pretreatment time. Experimental conditions; [As]=2mg/L, 
[ZVI]=200mg/L, pH=7.1+0.1, Ionic strength=0.005M, Alkalinity=50mg/L as CaC03, 
Temp=20°C+l, Air flow rate=300sccm, Pretreatment time=8 hours 
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Table 0-17 Monitoring data and sampling results from the 2mg/L, "low" fluoride setting of the 
arsenic adsorption kinetic study evaluating fluoride competition. Experimental conditions; 
[As]=2mg/L, [ZVI]=200mg/L, [F]=2mg/L, pH=7.1+0.1, Ionic strength=0.005M, 
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Figure 0-17 pH and Eh data from the 2mg/L, "low" fluoride setting of the arsenic adsorption 
kinetic study evaluating fluoride competition. Experimental conditions; [As]=2mg/L, 
[ZVI]=200mg/L, [F]=2mg/L, pH=7.1±0.1, Ionic strength=0.005M, Alkalinity=50mg/L as 
CaC03, Temp=20°C+l, Air flow rate=300sccm, Pretreatment time=15 hours 
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Table 0-18 Monitoring data and sampling results from the lOmg/L, "high" fluoride setting of the 
arsenic adsorption kinetic study evaluating fluoride competition. Experimental conditions; 
[As]=2mg/L, [ZVI]=200mg/L, [F]=10mg/L, pH=7.1+0.1, Ionic strength=0.005M, 

































































00:00 04:00 08:00 12:00 
Time, hh:mm 
16:00 20:00 
Figure 0-18 pH and Eh data from the lOmg/L, "high" fluoride setting of the arsenic adsorption 
kinetic study evaluating fluoride competition. Experimental conditions; [As]=2mg/L, 
[ZVI]=200mg/L, [F]=2mg/L, pH=7.1±0.1, Ionic strength=0.005M, Alkalinity=50mg/L as 
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ure 19. Observed water quality data from Le Roux (2005). Note: The observed pH 
data is the darker of the two lines 
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APPENDIX E 
MAGNETIC SEPARATION EXPERIMENTAL DATA 
226 
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Figure 20 Observed water quality data from magnetic separation setup run 
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Figure 21 Observed water quality data from magnetic separation control run 














1 gallon influent beaker 
Influent sample port 
Effluent sample port 
Influent sample port 
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1 gallon influent beaker 
Influent sample port 
Effluent sample port 
Influent sample port 
Effluent sample port 
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Effluent sample port 
Influent sample port 
Effluent sample port 
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Settling Curves for Particles in ZVI System (Without Shape 
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Particle Size Analysis - Microtrac S3000 
pH and Eh data from particle size analysis runs: HOCl (top), D.O. (bottom) 
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Figure 23 Particle size distribution from in-house analysis of ZVI filings 
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Sizeimieroiis* 
Figure 24 Particle size distribution from ZVI filings oxidized with D.O. 
Sizefmicrons) 








































































The table above shows averages of several runs for each oxidized form of ZVI. The ZVI 
oxidized with dissolved oxygen had a D50 range from 5.75 to 9.38 um, while the ZVI 
oxidized with NaOCl had a range from 20.43 to 116.9pm. 
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APPENDIX F 
DE PRECOAT FILTRATION EXPERIMENTAL DATA 
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Control Run 































































































































































































































































































Raw water tank. Initial. RO 
water control 
Effluent. 15 mins. RO water 
control 
Effluent. 30 mins. RO water 
control 
Raw water tank. Initial. [As] 
control 
Effluent. 30 mins. [As] 
control 
Effluent. 60 mins. [As] 
control 
Duplicate of Effluent. 60 
mins. [As] control 
Raw water tank. 120 mins. 
[As] control 
Effluent. 120 mins. [As] 
control 
Effluent. 240 mins. [As] 
control 
Blank. RO water 
Standard. 0.05mg/L [As]. 
0.25mg/L [Fe] 












































































































































































































































































































































































Raw water tank. Background 
Effluent. RO only. Background 
Raw water tank. Initial. [As] 
Effluent. 30 mins. [As], [Fe] 
Effluent. 60 mins. [As], [Fe] 
Duplicate of Effluent. 60 mins. [As] 
control 
Effluent. 60 mins. Total [Fe] 
Effluent. 90 mins. [As], [Fe] 
Raw water tank. 120 mins. [As] 
Effluent. 120 mins. [As], [Fe] 
Effluent. 120 mins. Total [Fe] 
Effluent. 180 mins. [As], [Fe] 
Raw water tank. 240 mins. [As] 
Effluent. 240 mins. [As], [Fe] 
Effluent. 240 mins. Total [Fe] 
Blank. RO water 






















































Date: 7/21/2011, SWT and ZVI Start Time: 9:42, Filtration Start Time: 10:02 
Redox Probe 
Calibration Solution 
Temperature 23 °C 
Eh, mV 421 
Filling Solution 900011 900001 
Calibation Std., mV 219 173 
Probe Reading, mV 213 203 





















































































































































































































































































































Raw water tank. 
Effluent 
Raw water tank 










Raw water tank 
ZVI Dose tank 
Effluent 
Effluent 































































































































































































































































































































































































































Raw water tank 










Raw water tank 
ZVI Dose tank 
Effluent 
Effluent 















































































































































































































































































































































































































































Raw water tank. 
Effluent 
Raw water tank 











Raw water tank 
ZVI Dose tank 
Effluent 
Effluent 







































































































Date: 8/2/2011, SWT and ZVI Tank Start: 10:40, Filtration Start Time: 11:00 
Redox Probe 
Calibration Solution 
Temperature 21 oC 
Eh 423 
Filling Solution 900011 900011 
Calibation Std. 219 219 
Probe Reading 214 252 




































































































































































































































































































































Raw water tank. 
Effluent 
Raw water tank 










Raw water tank 
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Effluent 
Effluent 
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Explanation of Test for Unequal Variances. It is evident that arsenic removals 
varied within and between experimental runs, with observed average arsenic removals of 
5.21, 30.7, 26.4, 35.7, and 38.1%, and standard deviations of 2.6, 4.0, 3.0, 4.4, and 9.6% 
for Runs 1 through 5, respectively. In order to compare results between runs, the effect of 
random variation within the runs must be understood. A test of unequal variances 
between experimental runs, performed in the Fit Y by X platform in JMP, initially found 
the difference in variations to be significant, based on a p-value of 0.0225 from a Bartlett 
Test. The significance was hypothesized to be due to the high standard deviation 
observed in Run 5. Upon further analysis, the variation was assumed to be caused by an 
unexpectedly low observation in the first arsenic sampling event for that run. 
It appeared that the initial observation for Run 5 may be an outlier. The data for 
Run 5 was analyzed in the Distribution platform in JMP, and although the sample does 
not appear to agree with the data from that run, it could not be deemed a true outlier, as it 
did not extend beyond the most extreme observation in the data set that was not more 
than 1.5 times the height of the box beyond either quartile. It must be noted that the 
observation is beyond both the 95 and 99% upper confidence interval bounds of for the 
data from Run 5, and with more data, may be found to be an outlier. Although the 
observation was not confirmed, statistically, to be an outlier, it was not included in 
further results and discussion. 
A second test of unequal variances was performed to analyze if variation within 
the runs was significantly different. The initial observation from Run 5 was not included 
in this test, and the variation were not found to be statistically different based on any of 
the tests performed by the JMP software. The variations observed throughout 
experimental runs are believed to be due to minor experimental variations in the flow 
from the ZVI dose tank. The flow from the ZVI dose tank was controlled manually 
throughout the experiment, and was adjusted occasionally in an attempt to maintain 
proper ZVI levels in the system. This slight variation in flow from the ZVI dose tank 
most likely changed ZVI concentrations in the system throughout the runs, which may 
have caused the variation in arsenic removals. 
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JMP output from Fit Y by X for test of unequal variances 



































3 ' 4 ' 5 
Run 





































3 ' 4 ' 5 
Run 
MeanAbsDif MeanAbsDif 






DFNum DFDen Prob > F 
4 26 0.3516 
4 26 0.5996 
4 26 0.1799 
4 0.0225* 
Welch Anova testing Means Equal, allowing Std Devs Not Equal 
F Ratio DFNum DFDen Prob > F 
82.7517 4 12.684 <0001* 
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Std Err Mean 
Upper 95% Mean 


















Upper CI 1-Alpha 
0 719819 0.950 
0 23468 0.950 
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Test of Unequal Variances without the outlier from Run 5 











































[ Tests that the Variances are Equal 
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Warning: Small sample sizes. Use Caution. 
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JMP output from Fit Y by X for Contact Time 




Contact Time, min 
44 
Oneway Anova 
Summary of Fit 
Rsquare 
Adj Rsquare 
Root Mean Square Error 
Mean of Response 
Observations (or Sum Wgts) 
Analysis of Variance 
Source DF 
Contact Time, min 2 
Error 16 











Means for Oneway Anova 
Level Number Mean 
2 6 0.736364 
22 6 0.692982 


















Prob > F 
0.0019* 
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Fit Y by X output from ZVI Dose effect 
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Excluded Rows 1 
(Oneway Anova 
Summary of Fit 
Rsquare 
Adj Rsquare 
Root Mean Square Error 
Mean of Response 
Observations (or Sum Wgts) 
[tTest 
400-200 







Std Err Dif 
Upper CL Dif 
Lower CL Dif 
Confidence 
-0.11089 t Ratio 
0.02198 DF 
-0.06117 Prob > |t| 
-0 16062 Prob>t 
0.95 Prob<t 
Analysis of Variance 
Sum of 
Source DF Squares 
ZVI Dose, mg/L 1 0.03353792 
Error 9 0.01185837 
C. Total 10 0.04539629 







Prob > F 
0.0007* 
Level Number Mean Std Error Lower 95% Upper 95% 
200 6 0 692982 0.01482 0.65946 0.72651 
400 5 0.582090 0.01623 0.54537 0.61881 
Std Error uses a pooled estimate of error variance 
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APPENDIX G 
QUALITY ASSURANCE/QUALITY CONTROL DATA 
266 
Information from EAI analytical report-outs 





















Lab Fe Diss. 3 
Fe Diss. Air 
Gregg Hall 






















































l and 2 
3 and 4 
QA/QC 
Samples 
HOCl Run 1 
DO Run 1 
DO Run 2 















air, Run 2 





2 mg/L F 
10 mg/L F" 
QA/QC 
Samples 







































Room 147 DE 
Filter 
High Bay 
Gregg Hall RM 
147 DE Filter 
High Bay DE 
Filter 
High Bay DE 
Filter 
Gregg Hall 
High Bay Rm 
147 DE Filter 
Gregg Hall 




















































Independent QA/QC data from iron analysis ('Filter housing leaked in second of the duplicate samples, 
0.22u.m filter and 2nd through a 0.45um filter, 3lst sample filtered through 0.45ujn filter and 2nd through a 
21st sample was filtered through a 




















































































































































































































Independent QA/QC data from arsenic analysis ('1st sample filtered through 0.45um filter and 2nd through a 0.22u.m filter, 2Standard solution 






















































































































































































Results from experimental control runs for Kinetic studies 
Study 
Oxidant Type 
Oxidant Type, 
Diffused Air, 
Pretreatment 
Times 
Diffused Air 
Fluoride 
Competition 
Fluoride 
Competition 
Setup 
HOCl 
D.O., 
Diffused 
air 
D.O., No 
diffused 
air 
Fluoride, 
2mg/L 
Fluoride, 
lOmg/L 
Arsenic, mg/L 
Background 
0.0018 
0.0021 
< 0.0005 
0.0007 
0.0009 
Initial 
1.9 
1.9 
1.9 
1.9 
Final 
1.9 
1.9 
1.9 
2 
Iron, mg/L 
Background 
<0.01 
<0.01 
<0.01 
<0.01 
Initial 
<0.01 
<0.01 
<0.01 
<0.01 
Final 
<0.01 
<0.01 
<0.01 
<0.01 
Fluoride, mg/L 
Background 
<0.1 
<0.1 
Initial 
2.1 
11 
Final 
2.1 
11 
Study 
Oxidant Type 
Oxidant Type, 
Diffused Air, 
Pretreatment 
Times 
Diffused Air 
Fluoride 
Competition 
Fluoride 
Competition 
Setup 
HOCl 
D.O., 
Diffused 
air 
D.O., No 
diffused 
air 
Fluoride, 
2mg/L 
Fluoride, 
lOmg/L 
Arsenic, mg/L 
Background 
0.0018 
0.0021 
< 0.0005 
0.0007 
0.0009 
Initial 
1.9 
1.9 
1.9 
1.9 
Final 
1.9 
1.9 
1.9 
2 
Iron, mg/L 
Background 
<0.01 
<0.01 
<0.01 
<0.01 
Initial 
<0.01 
<0.01 
<0.01 
<0.01 
Final 
<0.01 
<0.01 
<0.01 
<0.01 
Fluoride, mg/L 
Background 
<0.1 
<0.1 
Initial 
2.1 
11 
Final 
2.1 
11 
